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ABSTRACT 
 
Over the last two decades, the hog industry has undergone significant structural changes 
in terms of specialization, increasing scale, linkages across the value chain with retailers and 
processors, environmental obligations and new technologies. As a result, industry structure, 
markets for information and transaction governance have emphasized contracts, vertical 
coordination, improved sharing of information and strategic partnerships. Some animal scientists 
argue that breeding management, use of superior genetic breeds and lines and crossbreeding to 
utilize heterosis are important factors for this improvement, especially in reproductive traits. 
Others suggest that genetic management lags other areas of management in terms of efficiency 
gains because results in the nucleus herds’ environment are difficult to replicate in a commercial 
herd environment. Part of this difference of opinion corresponds to where a firm is located along 
the value chain.  
The contribution is a unique value chain model that allows for the analysis of genetic 
improvement information as it relates to the industry structure and reproductive decision-making 
at the nucleus, multiplier, and commercial tiers. The system's model of the swine reproductive 
value chain employs stochastic, dynamic, and feedback techniques to examine genetic stock's 
flows and phenotype information creation and availability both across time and along the swine 
reproductive value chain. 
It is now possible to support in unique ways researchers and practitioners as they tackle 
difficult system-related questions facing reproductive management information and strategy. Of 
particular interest is the model’s production of managerially relevant key performance indicators 
over time and across the value chain. There are many applications of the model.  
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This thesis is developed in three individual manuscripts. The first paper presents and 
validates the model. The second paper explores alternatives to reduce genotype x environment 
interaction across the swine reproductive value chain. Of particular interest is the integration of 
the multiplier stage by the genetic nucleus (integrates downstream) or the commercial herd 
(integrates upstream). The second paper observes the relevant key performance indicators over 
time and across the value chain in comparison to the non-integrated value chain tested in the first 
paper. The third paper explores alternatives to management practices across the swine 
reproductive value chain. Of particular interest are explorations of two specific industry debates: 
fresh versus frozen artificial insemination and pooling versus non-pooled semen in those 
inseminations.  
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CHAPTER 1: A SYSTEM DYNAMICS APPLICATION 
 
1.1 Problem Statement 
Over the last two decades, the hog industry has undergone significant structural changes 
in terms of specialization, increasing scale, linkages across the value chain with retailers and 
processors, environmental obligations, and new technologies (Honeyman, 1996; Plain et al., 
2008). As a result, the industry structure, market for information, and transaction governance 
have changed with a much greater presence of contracts, vertical coordination, improved sharing 
of information, and strategic partnerships.  
This structural change has led to greater management efficiencies for herd management 
and feed conversion (Key and McBride, 2007). Farrowing rate levels, feed conversion and 
weaning weights have improved over the last 20 years (Key and McBride, 2007; USDA, 2008). 
Some animal scientists affirm breeding management, the use of superior genetic breeds and 
lines, crossbreeding to utilize heterosis, quantitative genetic evaluation and selection for genetic 
improvement of critical traits as important factors for this improvement, especially in 
reproductive traits (Rothschild, 1996 Rosendo et al., 2007; Sosnicki and Newman, 2010). Others 
assert that genetic management lags other areas of management in terms of efficiency gains 
because results in the nucleus herd environment are difficult to replicate in a commercial herd 
environment (Clutter, 2011). An animal’s breeding value results from the performance of 
descendants and relatives across a variety of environments or, in the case of a nucleus herd, 
within one environment. Response to selection is reduced by phenotypic data's absence in the 
estimation of breeding values (Bijma and van Arendonk, 1998; Ibanez-Escriche et al., 2011). 
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The true breeding value thus always remains unknown. The challenge for the commercial 
producer remains how best to reduce the performance uncertainty in their particular environment 
associated with an animal. Additionally, genetic obsolescence often limits boar longevity to less 
than a year as nucleus managers quickly turn to younger unproven sires with higher genetic 
potential (Whittermore and Kyriazakis, 2006; CIPQ, 2011). Rapid genetic replacement raises the 
value of high volumes of high quality performance data. Decision-making along the value chain 
will suffer if data are lacking, irrelevant, or untimely.  
Information asymmetries along the value chain complicate reproductive decision-making. 
First, relevant data about the individual animal is not necessarily shared across the industry. 
Commercial herds bear the responsibility for entering performance data (Shepherd, 1997). Often 
these data reflect management practices and thus are proprietary to the herd. The benefits of 
sharing data are not always readily apparent. Similarly, the genetic nucleus views their data as 
important intellectual property requiring management and protection (Knap et al. 2001). Finally, 
the genotype x environment interaction is thought to be important, as noted above. Yet entering 
such data is expensive and these data often can reveal the source of competitive advantages 
among herds (Wolter, 2011). Examples of such sensitive data are environmental factors like feed 
ration design, management practices, and housing characteristics.  
Part of the issue with defining the real value of genetics versus environment corresponds 
to where a firm is located along the value chain. Purebred breeders and nucleus genetic suppliers 
tout the impact of genetics on commercial herd performance (McLaren, 2007). Commercial herd 
managers feel the genotype x environment interaction is high because heritability of key 
profitability-related traits is low, especially for reproductive characteristics like litter size and 
live births (Knox, 2001; Whittemore and Kyriazakis, 2006; Dekkers, 2007). The lack of 
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heritability creates a low quality/quantity information environment for profitability-related traits. 
Managers of commercial herds know that environment matters, as the performance impact on 
their operations is weak from the genetics they buy and unproven animal breeding value indexes 
are risky to manage (NSIF, 2002). The disconnect between genetic selection at the genetic 
nucleus stage and phenotypical expression within the commercial herd stage can lead to 
inefficient decision-making at both stages, especially for the commercial herd where decisions 
depend on upstream actions. This research specifically explores how the reproductive value 
chain industry structure and associated information flows affect commercial herd performance. 
The research loosely defines these above challenges along the reproductive value chain as 
the manager’s information problem. These challenges affect reproductive management decision-
making at the nucleus herd stage through the commercial operations stage.  
 
1.2 Goals and Objectives 
The goals of this research are to construct, exercise, and validate a swine reproductive 
value chain that allows for the examination of information markets along the swine reproductive 
value chain. The first objective is to illustrate the population dynamics across the three swine 
reproductive value chain stages: genetic nucleus, multiplier, and commercial herd. The second 
objective is to model reproduction information quantity and quality and the temporal and spatial 
properties of that information within and across the three value chain nodes. Finally, the third 
objective is to explore the interaction between industry structure and information properties on 
genetic improvement. Specifically, the paper analyzes the speed of genetic improvement, the 
relative effect along the value chain from genetic improvement at the nucleus stage, and the 
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uncertainty due to weak information (asymmetries and relevancy) that creates a divide between 
expected and actual performance at the commercial herd tier.  
More specifically, this research uses the reproductive value chain model to look at: (i) 
genetic improvement time lags, (ii) the role of weak information on the level of genetic 
improvement, and (iii) the potential for information-sharing or vertical integration to upgrade 
genetic improvement due to improvements in information management. The research stylizes the 
model to focus on four aspects of phenotypical information: number born alive (NBA), litter 
birth weight (LBW), days to 250 pounds (DAYS), and backfat thickness (BACK). Finally, the 
research tests and validates the model to assure robustness when changing parameter values or 
key assumptions. 
 
1.3 Literature Review 
A value chain involves creative activities across nodes of loosely coordinated vertical 
activities rather than the internal processes of integrated activities (Stevenson & Pirog, 2008, in 
Diamond & Barham, 2012). Value chain management principles reside on operations creating 
value for customers and exceeding customers’ expectations (Sosnicki and Newman, 2010). The 
concept of a value chain implies linkages and joint involvement among enterprises in the 
establishment of superior quality and higher competitiveness. As a tacit alliance of enterprises, 
the value chain seeks to increase a final product’s value at each stage and subsequently optimize 
its market position (Ag and Food Council, 2004). Alternatively, supply chain management 
focuses mainly on reducing costs and efficiencies along the system of production from inputs to 
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the final customer. Therefore, value chain analysis, as opposed to the supply chain analysis, 
reflects the relationships between the chain and the market or the customer.  
There have been a number of definitions to describe the flow of animals from genetic 
suppliers to commercial herds. For example, Faust et al. (1992) employed a hierarchical swine 
breeding structure involving a genetic nucleus, multiplier, and commercial herd (Figure 1.1).  
Harris (2000) employs a production pyramid. Genetics from highly indexed animals stay and 
populate the top of the breeding pyramid, and the multiplication of improved animals populates 
the middle of the pyramid, where the resulting progeny move to the bottom of the pyramid 
(Dekkers et al., 2011). The genetic nucleus manages the selection for genetic improvement while 
the commercial herd defines the genetic improvement objectives (Brascamp et al, 1985; 
Shepherd, 1997). Each stage maintains breeding animals from both sire and dam lines, and 
stocks flow down the pyramid to a lower stage (Whittermore and Kyriazakis, 2006). Progeny 
from the genetic nucleus move to the multiplier, and progeny from the multiplier move to 
commercial herd. Genetic lag occurs when commercial producers cannot immediately capture 
the performance realized at the nucleus stage. A straight-line distribution flow in which 
multipliers and commercial herds source their semen directly from the genetic nucleus helps 
reduce this genetic lag (Figure 1.2).  
The genetic nucleus produces highly superior breeding stock. The improved 
performance of the many commercial slaughter pigs reflects the successful implementation of an 
efficient breeding program coordinated by a genetic nucleus (Bichard, 1977; Faust et al., 1992). 
The genetic nucleus maintains smaller herds, employs high selection pressure, and only selects 
the highest performing great grandparents (Harris, 2000). Genetic nucleus firms specialize in 
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genetics and most often do not engage in multiplication or commercial production because of the 
high level of the technology involved, the specialized assets, and the centrality of research and 
development (Knap et al., 2001). Genetic nucleus firms tend to horizontally diversify into other 
species rather than invest downstream (Gura, 2007). Genus plc1 serves as an excellent example 
of a horizontally specialized genetics company that is active in cattle and pig breeding. 
Conversely, Smithfield Foods Inc.2 is an exception because it integrated from processing back up 
to genetics after it acquired the U.S. assets of the National Pig Development Corp (Martinez & 
Zering, 2004). This acquisition allows for direct and free information flows up and down 
Smithfield Foods Inc.’s vertically integrated (internal) value chain. Nucleus herd managers up 
the value chain receive critical feedback about feed efficiency and carcass quality.  
The multiplier takes highly indexed boars and gilts from the genetic nucleus to produce 
progeny that will be sold to commercial herds as breeding stock. The multiplier expands the 
volume of elite boars and gilts and crosses animals in order to create high performing 
commercial lines (Shepherd, 1997). The multiplier then maximizes litter size and number born 
alive while minimizing the costs of production (Bichard, 1977). The emphasis shifts from the 
genetic nucleus to the volume of high quality output as opposed to a narrow supply of the highest 
quality animals.  
The commercial herd represents the last node of the swine reproductive value chain. It 
maximizes profit by focusing on commercially relevant traits and managing its production costs. 
Key output traits are not only litter size and number born alive, but also carcass quality and feed 
conversion rate. A commercial herd system utilizes terminal boars and semen from the genetic 
                                                            
1 Genus public limited company, Hampshire, United Kingdom. http://www.genusplc.com/default.aspx 
2 Smithfield Foods Inc., Smithfield, VA, USA. http://smithfield.com/ 
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nucleus and replacement gilts from multipliers. However, commercial herds will crossbreed as 
well in order to benefit from crossbred animals that tend to have better health and better sexual 
characteristics (McGlone and Pond, 2003). Commercial herds often maintain control through 
strict sow and replacement gilt management while focusing on boars and a constant rotation of 
semen suppliers to improve herd performance (Wolter, 2011). In this way, artificial insemination 
allows managers of commercial herds to "test" the genetics of their own herd while the 
environment is held constant instead of buying breeding animals (NSIF, 2002). Commercial 
breeding decisions focus on the expected value of progeny performance based on data that 
originate at the genetic nucleus and multiplier stages.  
Genetic selection decisions at each stage of the reproductive value chain utilize the 
available information on individual animal, littermate, and progeny performance. These 
performance data reveal themselves as a function of reproductive traits (conception, farrowing, 
litter birth size, litter weaning size and interval between weaning and estrus), growth traits (days 
to weaning, feed conversion and days to 250 pounds) and carcass traits (back fat, loin eye area, 
leanness, marbling, color and pH). Using computer programs, commercial buyers can make 
predictions for progeny following a hypothetical mating between two animals, which is an 
important tool for buyers seeking to purchase the right stock or semen (Gibbs et al., 2009). 
Unfortunately, while models for swine production are common in both animal science 
and economics (Jorgensen & Kristensen, 1995; Goldsmith et al., 2003; Wolfova et al., 2005), 
little work has been conducted on economic modeling of reproduction value chains, especially in 
the swine industry. Part of the reason for this gap may be a poor understanding of reproduction 
markets and a lack of familiarity with the players in the sub sector (Lowe and Gereffi, 2008).  
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Value chain modeling is not new (Hines and Rich, 1997; Jones and Womack, 2002). 
Researchers have modeled various segments of the swine value chain. Jalvingh et al. (1992) 
developed a dynamic probabilistic model to better understand the consequences of various 
biological variables and management strategies. Pomar et al. (1991) developed a dynamic herd 
simulation model to evaluate the effect of management on population dynamics and production 
efficiency. Martel et al. (2008) built a herd model allowing hog producers to define sow herd 
dynamics and performance and to distribute periodic task events. However, those models 
exclusively focus on segments of farrow-to-finish production. 
Cozzarin (1998) used STELLA to model different organizational forms in hog production 
networks. The author shows that organizational form is particularly important to sustain 
competitive networks. Dall (2000) used STELLA to evaluate the gain in economic value when 
using best management practices. The author also compares different types of coordinated 
organizations to evaluate which provides greater net return per operator. Goldsmith et al. (2003) 
developed a model called PorcSim that links a biometric model with economic variables to look 
at the welfare impacts of changes in slaughter weight practices and policy. PorcSim pairs 
physiological data with an integrated set of welfare equations representing producers, processors, 
and the environment. All three of these papers capture the commercial stage of the value chain 
but omit the upper part of the value chain, which includes breeding firms and genetic suppliers.  
In fact, only a few researchers have included hierarchical breeding structures to simulate 
outcomes in swine reproductive value chains. Faust et al. (1992) simulated a three-tier closed 
swine system with five distinct units: three nucleus lines, a multiplier unit, and a commercial 
unit. This model served as a tool allowing the simulation of various selection, culling, and 
management strategies. The user defines the proportion of low index animals to be removed, the 
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maximum number of animals to be raised and tested, the parity before replacing sows, and the 
usage duration for boars. The authors account for variability in breeding values for initial 
animals in nucleus lines by using a stochastic approach. Parent breeding value, trait heritability, 
environmental effects and phenotypic variance all contribute to a progeny’s breeding value. 
Users evaluate performance according to phenotypic means, per-pig economic measures, and 
yearly genetic and phenotypic changes. The baseline Faust et al. (1992) model employs fixed 
sow/boar ratios at each stage: 750/10 for a nucleus maternal dam line, 750/10 for a nucleus 
maternal sire line, 235/3 for a nucleus terminal sire line, 900/12 for a multiplier and 1050/14 for 
a commercial unit. Given the size of the nucleus maternal dam line, the size of the commercial 
unit can reach more than 36,000 sows depending on selection and culling strategies. One 
example had managers culling sows after one farrowed litter while boars stayed for 11 weeks. 
The nucleus unit produces replacements for the multiplier unit, which then produces 
replacements for the commercial unit. Unused animals that do not find an available place in a 
lower tier are sold. Multiplier and commercial herd managers select replacements from a 
designated percentile group, such as a random selection from the top 85% of available gilts and 
from the top 50% of available boars. Key phenotypical outcome metrics in the Faust model are: 
number of live pigs born, average daily gain from weaning to 110 kg, survival rate from birth to 
weaning, number of pigs weaned, days from weaning to 110 kg, feed per gain, age at puberty for 
females, sow and service boar growth rate, sow and service boar weight, probabilities of 
conception, return to estrus by week, involuntary culling and male infertility. However, for 
selection and culling decisions, line-specific indexes only use one sow measurement —number 
of live pigs born— and two measurements on individual pig performance: backfat at 110 kg and 
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average daily gain from weaning to 110 kg. These three variables effectively explain 75% of full 
index3 response for the commercial herd stage (Smith et al., 1983, in Faust et al., 1992).  
Olsen and Sehested (2000) introduced a reproductive model to optimize the use of 
limited resources and testing capacity in different multitier crossbreeding schemes. They test the 
model with a four-way crossbreeding approach. Their model includes nucleus, multiplier and 
commercial stages. Each stage involves a fixed animal population with a baseline genetic 
characteristic. The model collects information on traits and computes annual levels of genetic 
improvement across stages according to one single equation. The model maximizes genetic 
improvement and includes each tier in the optimization calculus in order to correctly evaluate 
different crossbreeding alternatives. However, all information is assumed to be non-proprietary 
and is shared across stages, which may not be realistic. In reality, firms located at the 
commercial herd stage maintain private data of their production since it can reveal their 
competitive advantage resulting from strategic management decisions (Wolter, 2011).  
While the model’s results focus on important aspects of breeding, like genetic 
improvement and genetic lag, the authors omit the importance of how and when information 
appears in the system. In practice, each tier collects information but does not necessarily share it. 
Moreover, with a closed system, the authors do not look at the influence of aggregated 
information for upstream firm decision-making. Furthermore, there is no mention of selection 
index calculation. In sum, the lack of analysis of the dynamic aspects of information and 
associated feedback serves as the point of departure in this research from the prior literature. 
While Faust et al (1992) and Olsen and Sehested (2000) simulate swine reproductive value 
                                                            
3 According to the authors,  full  index  includes  those  three  traits  in addition  to  litter viability,  fertility and age at 
puberty 
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chains, they do not consider the dynamics and characteristics of information parameters that are 
central to not only making reproductive management decisions, but also for conducting value 
chain optimization and analyzing tradeoffs from vertical integration.  
 
1.4 Procedures 
To realize the objectives of this study, a dynamic stochastic simulation model is built. 
Simulation models have proven to be “flexible with regard to initial state, time horizon, 
management strategies and stochasticity” (Baptist, 1992). Stochastic simulation is an important 
tool to optimize breeding management across the value chain (Bijma and van Arendonk, 1998). 
The complexity and variability of swine reproduction and hog production cycles make the use of 
simulation modeling relevant (Pla, 2007). By estimating probability distributions for one or more 
inputs, a well-structured model can present the probabilities of different outcomes. Special care 
is needed to assure the robustness of simulation models.  
This research utilizes STELLA4 (ISEE systems, 2011) and validates the model by 
comparison with: 1) biological models; 2) adherence to theoretical expectations; and 3) 
expectations of academic and industry professionals. Calibration of the model includes 
comparative static exercises, which measure how the model follows prior empirical work and 
theory while remaining internally consistent.  
The stylized model of a swine reproductive value chain contains three different stages: 1) 
genetic nucleus, 2) multiplier and 3) commercial herd. The multiplier and commercial stages 
have boar studs as well (Figure 1.3).  
                                                            
4 This research presents only a couple of images and equations from the STELLA model for reasons of parsimony 
(Appendix A). Please contact the author for the STELLA files of the complete model.  
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Following Harris (2000), stock always flows down the pyramid to a lower stage (1-
Genetic nucleus, 2-Multiplier, 3-Commercial herd). Moreover, each stage holds the same stocks 
and processes to produce breeding animals or marketing hogs (Figure 1.4).  
The multiplier and commercial herds use boar pools that contain boars in production for 
semen collection and processing. Semen collection occurs every five days. Each ejaculate results 
in 25 doses for the artificial insemination of sows. One day following collection, sows are 
inseminated using boars from their matched boar pool. Pregnant sows gestate between 111-117 
(random distribution) days before farrowing. Sows return to the sow pool at weaning. After 
farrowing,5 sows go back to the sow pool after the weaning period of 24-26 days (random 
distribution). Subsequent mating occurs between 1 and 8 days after weaning. Sow culling can 
occur when one of three events occurs: 1) a preset maximum number of farrowing for each stage; 
2) a preset failure to conceive rate for each stage; or 3) poor performance. Farrowed commercial 
piglets going to slaughter grow to 250 lbs. between 195 and 215 total days (random distribution). 
Animals become available for mating when they reach puberty. Gilts and boars reach puberty 
between 245 and 305 days (random distribution). 
The model simulates selection decisions at the genetic nucleus and multiplier stages 
based on selection intensity and performance. Selection intensity represents the ratio of progeny 
born that move to the next stage of the reproductive value chain. Low intensity means managers 
use relatively little discrimination and allow higher numbers of animals to move downstream. 
High intensity involves greater selectivity and in turn will lead to greater genetic improvement. 
Reproductive managers trade off fewer animals of higher genetic differential versus more 
animals with more marginal potential.  
                                                            
5 Same weaning period is expected from a non‐pregnant sow returning to sow pool 
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Top indexed animals become breeding stock while those not selected are sent out of the 
system (for slaughter). A manager collecting a boar at t =1 (day) and a breeding at day t = 2 can 
expect to have performance information on the number born alive (NBA) and litter birth weight 
in pounds (LBW) at t = 113-119 days. For future breeding animals, the manager at the genetic 
nucleus and the multiplier stages can expect to have performance information on “days to reach 
250 pounds” (DAYS) and backfat thickness in inches (BACK) at t = 358-418 days. For 
marketing hogs, the manager at the commercial herd stage can expect to have performance 
information on days to reach 250 pounds (DAYS) and backfat thickness in inches (BACK) at t = 
308-328 days. The model assumes managers wait for actual events to produce information and 
do not rely on technology, such as ultrasounds, or prediction.  
Genetic Nucleus Flow 
The Genetic nucleus maintains five different pure lines. Only sows appear in the genetic 
nucleus. It is assumed that nucleus sows are bred by boars with the exact same expected 
performance characteristics. This simplifying routine allows progeny to completely reflect the 
purebred line. Each sow in the genetic nucleus stage remains for 2 litters. For Line1, 50%6 of 
female progeny go to the multiplier stage while all other animals are sent out of the system (for 
slaughter). For Lines A, B, C and D, only 10% of male progeny go to the multiplier boar stud 
while all other animals are sent out of the system.  
The first line (Line 1) consists of four sows. The model employs a triangular distribution 
to parameterize the baseline performance values for the sows’ progeny. The triangular 
distribution provides maximum and minimum bounds and thereby limits extreme statistical 
                                                            
6 Because selection  intensity  is crucial at  the genetic nucleus  level,  the model considers 49% of  female progeny 
going to the multiplier. This selects the lower bound of an odd number of gilts. 
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outliers. Values for standard deviation and skewness are not defined and vary with the most 
likely value. An important feature of the triangular distribution is the dichotomy between the 
“average” and the most likely value. Both are only equal when the distribution is symmetric. 
Then the most likely value equals the median. This research considers the most likely value to 
be the “expected” value. The estimation with the triangular distribution occurs using the 
following equation:  
ܫ݂	ݎ	 ൑ ቀ௠ି௔௕ି௔ቁ,	  ݐ݄݁݊	ݐ ൌ ܽ ൅	ඥሺܾ െ ܽሻ ൈ ሺ݉ െ ܽሻ ൈ ݎ, 
	݈݁ݏ݁	ݐ ൌ ܾ െ	ඥሺܾ െ ܽሻ ൈ ሺܾ െ ݉ሻ ൈ ሺ1 െ ݎሻ	 
where r denotes a uniformly distributed random variable in the range (0, 1), m denotes the most 
likely value, a denotes the lower bound, and b denotes the upper bound (Figure 1.5).  
Moreover, each sow in Line 1 supplies replacement gilts to the multiplier. The 
replacement gilts from Line 1 possess an expected performance for each of the four traits of 
interest: individual performance for the number born alive, individual performance for litter size, 
progeny’s performance for days to 250 lbs. and progeny’s performance for backfat thickness. 
During the simulation, the manager considers initial expected performance for replacement gilts 
from Line 1 as the base case for each trait at the genetic nucleus stage (Table 1.1).  
Each of the other lines (Line A, Line B, Line C, Line D) consists of only one sow and 
supplies the boars to the multiplier board stud. Thus, there are eight nucleus sows in total, four 
from Line 1 and sows A, B, C, D. These sows serve as the system’s great grandparents. With 
performance drawn from a triangular distribution, each of the A, B, C, and D sows’ progeny rank 
high for one of the four traits, but overall each has an expected general performance index of 100 
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(Table 1.2). Sow A ranks high in NBA, sow B ranks high in LBW, sow C ranks high in DAYS, 
while sow D ranks high in BACK. 
Managers use indexes to assemble multiple traits into a single value relative to an average 
(Whittermore & Kyriazakis, 2006; Chiba, 2010; NSR, 2011). The construction of a multi-trait 
selection index depends on selection objectives and the value associated with each trait. 
Selection of Index traits varies according to: i) the swine reproductive value chain’s stage, (ii) the 
companies within the same stage, (iii) the animals ranked and (iv) the individual managers or 
researchers (Whittermore & Kyriazakis, 2006; Boggs et al., 2010). Thus, building an index for 
selection is complex and related to the user's objectives. In practice, indexes imply sophisticated 
formulas for each trait and do not necessarily use linear curves to explain variances in the index 
(Schinckel et al., 1998; National Hog Farmer, 2011; NSR, 2011). The General Index used in this 
paper follows Krider et al. (1982) which weighs DAYS as the most valuable trait, NBA as the 
second most valuable trait, BACK as the third most valuable trait and LBW. Many other index 
calculations are available and might put a different weight for each trait, but this research chose 
Krider et al. (1982) for its simplicity, its inclusion of the four specified traits and the possibility 
of using the same index for dam and terminal sire lines.  
The model’s four key variables, NBA, LBW,7 DAYS and BACK, result in four different 
key performance indexes8 at each time period (Table 1.3). The Sow Productivity Index (SPI) 
relies on NBA and LBW. The Maternal Line Index (MLI) integrates all stochastic variables but 
                                                            
7 Since NBA influences LBW, the calculus for each index and for each line is always based on NBAavg (10). 
Technically, this creates a bias since the GI of low-NBA line will be favored, but the GI of high-NBA line will be 
disfavored. This research decided to disconnect the influence of NBA and LBW since the opposite results in a clear 
advantage to select animals with high NBA.  
8 Managers portrayed in the model base their decisions on indexes built on technical objectives. It is acknowledged 
that economic objectives would be a natural extension of the technical model. Economics adds complexity at a point 
in the research where it was simpler to understand basic elements of reproductive value chains. 
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emphasizes reproductive traits. The Terminal Sire Index (TSI) also integrates all stochastic 
variables but focuses on meat quality and growing efficiency. Finally, the General Index (GI) 
considers all variables and represents a composite of MLI and TSI. The index value reflects the 
difference compared with the base case, which is set to 100. The model considers the following 
traits’ performance as the base case: 10.00 NBA, 32.00 LBW (3.20 lbs. per piglet), 170.00 
DAYS and 0.80 inch BACK. Progeny from Line 1 represent the base case’s expected 
performance. The indexes can reflect the status of a particular animal or be aggregated to 
represent the performance of a particular line, stage or system as a whole. To evaluate an animal, 
a manager needs to assess its individual average performance (NBA and LBW) and include its 
progeny’s average performance (DAYS and BACK).  
New sows from all five lines replace current sows after producing two litters in the 
genetic nucleus herd. The new sow has a General Index approximately one unit higher than the 
sow she replaces. Consequently, each trait’s expected performance increases by a quarter unit of 
the General Index.9 The model uses a 0.03788 increase of the expected NBA, a 0.06250 increase 
of the expected LBW (average weight per piglet), a 0.15625 decrease in the expected DAYS and 
a 0.00385 decrease in the expected BACK to raise the General Index of a new sow at the nucleus 
stage by one unit.  
A Genetic Improvement Index (∆GI) results from comparing indexes in a specific stage at 
two different periods of time:  
∆ܩூ ൌ 	 ܫ௧ୀ௫ା௜	ܫ௧ୀ௫ 																																																																																																																																																ሺ1ሻ 
                                                            
9 If one trait reaches its maximum value, the General Index will no longer increase by one unit of GI. 
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where I = the index measured and i = the time period interval. That is, this measures not only 
how much genetic improvement has occurred, but also the rate at which that genetic 
improvement has occurred. ∆GI reflects the effectiveness of breeding selections following a 
specific index whereby the higher the ∆GI the more successful the breeding program.  
The performance drawn from triangular distributions allows the calculation of estimated 
breeding values (EBVs) and estimated progeny differences (EPDs) for each animal.  
EBV	 ൌ 	Heritability	x	ሺIndividual	Performance	 െ 	Lower	Bound	Performanceሻ																		ሺ2ሻ 
EBV represents the potential genetic performance for one breeding animal where Lower 
Bound Performance values for the model parameters are: 8.00 NBA, 27.50 LBW (2.75 lbs. per 
piglet), 185.00 DAYS and 1.00 inch BACK. In practice, managers compare individual 
performances with group averages when estimating an EBV. Moreover, group averages reflect 
animals raised in the same environment or from the same line. For simplicity the model takes a 
deterministic approach and assumes the minimum model parameters are the group averages. 
Additionally, the model assumes that the minimum model parameters stay constant over time 
The EPD = EBV / 2. EPD represents the potential performance of a breeding animal’s 
progeny when it is bred to an animal with Lower Bound Performance. EPDs help managers at 
each stage know what to expect from specific mating.  
Following Rothschild (1996), Whittermore and Kyriazakis (2006) and Chiba (2010), the 
model uses heritability values for each of the four performance traits. Heritability designates the 
ratio in a trait that can be related to genetic effects. It refers to traits' performance that parents 
transmit to progeny but that cannot be regarded as exact or constant (Chiba, 2010). Progeny 
perform like their parents when trait heritability is high; for example, growth rate is relatively 
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heritable. Traits with low heritability, i.e. litter birth weight, tend to be more difficult to pass on 
to the next generation. Parents and progeny have a low genetic correlation between each other 
for traits with low heritability. Moreover, management practices can influence heritability levels 
since heritability is a component of the phenotype (Schwab, 2012). In the model, it is assumed 
the values from the theoretical range of heritability according to various researchers (Rothschild, 
1996; Whittermore and Kyriazakis, 2006; Chiba, 2010) represent the range of phenotypical 
expression for each line in a specific environment (Table 1.4). Therefore, Equation (2) becomes: 
EBV	 ൌ 	Phenotypical	Expression	x	ሺIndividual	Performance	 െ 	Lower	Bound	Performanceሻ									ሺ3ሻ 
For simplicity, the base model assumes that commercial herds all have the same 
environment. Moreover, the base model assumes no environmental effects or genotype x 
environment interaction for all lines. Thus, phenotypical expression for each trait is a 
characteristic of the line related to its genotype. Each crossbred animal at the multiplier and the 
commercial herd stages reflects a specific level of phenotypical expression that stays constant 
along the simulation and is drawn randomly from a triangular distribution of the theoretical 
range. For example, the phenotypical expression for NBA within crossbred 1A might be 0.05 
while it might be 0.10 for crossbred 1B. The rationale behind this approach is that breeding 
managers are initially naïve to the phenotypical expression of the underlying genetics but learned 
as they accumulate data. Each trait’s phenotypical expression that is randomly drawn at the 
multiplier stage always has an equal or higher value than the commercial herd stage’s 
phenotypical expression. Therefore, the model follows theory on differences between selection 
and production environments that reduce the phenotypical expression of animals in the 
production environment (Brascamp et al., 1985; Mulder & Bijma, 2005).  
19 
 
Stages flow 
The Boar studs (multiplier boar stud and commercial herd boar stud) maintain boars 
from Lines A, B, C and D. All boars come directly from the genetic nucleus. They have two 
subsequent purposes related to system stages: (i) artificial insemination (A.I.) at the multiplier 
stage and (ii) A.I. at the commercial herd stage. The model considers stocks of boars in the boar 
stud to be grandparents if they supply the multiplier and parents if they supply the commercial 
herd. Time at each stage depends on boars’ performances, such as DAYS and BACK, but also 
fertility and their daughters’ NBA and LBW. Various authors mention different practices 
according to the productive life of a boar. Lifespan can vary from eight months to over two years 
of semen production (PIC, 2006; Whittermore and Kyriazakis, 2006; Knox et al., 2008; Fix and 
See, 2010; CIPQ, 2011). Boars move down the value chain over time due to obsolescence; thus, 
they do not spend their entire reproductive lives within the same stage (CIPQ, 2011). As noted 
above, the model does not include boars at the genetic nucleus stage. For simplicity, the model 
assumes boars produce semen for collection at the multiplier stage for up to six months and then 
move to the commercial stage for up to six months (36 collections at each stage).  
The Multiplier level contains four herds, each of which contains one pure Line 1 
grandparent sow. Replacement gilts from the genetic nucleus flow into the multiplier. Multiplier 
females are bred with “lettered” boars from the multiplier boar stud. These crossbred progeny 
flow out to the commercial herd: Line 1xA, Line 1xB, Line 1xC and Line 1xD. The model 
portrays managers at the multiplier stage using lower selection intensity than at the genetic 
nucleus stage. Sixty percent of the female progeny go to the commercial herd stage. Each sow in 
the multiplier stage stays for a maximum of two litters. 
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The Commercial herd maintains crossbred sows (Line 1A, Line 1B, Line 1C and Line 
1D). The model considers stocks of sows in the commercial herd as parents. Replacement gilts 
from the multiplier flow into the commercial herd, while the boar semen originates from the 
commercial herd boar stud. Market hogs flow to the slaughterhouse. The commercial herd 
included in the model uses a terminal crossbreeding system. This implies that no animal's 
progeny return into the commercial herd as breeding stock. In practice, commercial producers 
generally consider terminal crossbreeding as the best system to maintain high productivity and to 
maximize profits (Johnson and Ruttan, 1997; Baas, 2010). Commercial herd managers sell all 
animals’ progeny to the slaughterhouse. The model segments the commercial herd stage into 12 
different herds that represent the 12 possible combinations of three-crossbred piglets. 
Consequently, the herds differ in terms of initial dam line and boar semen used for artificial 
insemination. Sows at the commercial herd stage stay for two litters. 
Model assumptions: 
1. For each level, all herds have fixed capacity in terms of the number of animals (n = 1).  
2. All animals produced that represent surpluses exit the model and provide no feedback 
information. For example, from the genetic nucleus sows’ litter, six females (Line 1) are 
farrowed. Three of them, being the best 50%, can move to the multiplier stage, but since only 
one is selected, the two others exit the model. 
3. It is assumed there is no limitation to information-collection and information processing. 
Commercial herds can efficiently collect all animals' results and report it clearly.  
4. Moreover, managers are assumed to be able to easily process the available data to generate 
predicted values at the aggregated stage and system levels while commercial managers can 
also estimate EPDs at the individual line level. However, since the value chain is not 
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coordinated and information is not specified according to its environment, managers at each 
stage use information from the other stages as aggregated information and do not have access 
to individual animal or individual herd performance.  
5. Breeding animals are not culled for underperformance. 
6. Once the manager at the commercial herd stage decides which semen to use for a specific 
sow, all subsequent mating for this specific sow uses the same line for semen (but can be 
from another individual boar). 
Biological assumptions 
1. The range of effects from heterosis is absent in the model.  
2. There are no seasonality effects for sow and boar production.  
3. Researchers assume certain traits are correlated and others are not when selecting to improve 
performance (Whittermore and Kyriazakis, 2006; Knol et al, 2010 in Foxcroft et al, 2010). 
For simplicity, no correlation between traits is assumed. So selecting reduced backfat depth 
alone, for example, will not affect days to 250 pounds.  
4. The model assumes 0% mortality.  
5. There is no inbreeding between boars and daughters since no mating implies animals from 
the same line.  
6. There is no parity effect on performance. 
7. The model assumes 0% abortion rate. 
8. The model assumes 100% conception rate at the genetic nucleus and the multiplier stages and 
85% conception rate at the commercial herd stage.  
9. The number of doses produced from each ejaculate is the same for every boar and is constant 
during a boar’s life.  
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Potential Shifters 
For parsimony, the present model contains some assumptions that are unrealistic in 
practice. However, the development of future research to evaluate more complex dynamics in the 
swine reproductive value chains should account for more accurate assumptions. Adding new 
parameters would positively/negatively shift results from this paper. Presence of heterosis would 
increase the performance level at the commercial herd stage according to the lines used. 
Higher/Lower selection intensity would decrease/increase the number of breeding animals 
available to move to a downstream stage but would increase/decrease the average performance 
from those animals. Higher/Lower heritability levels for a specific trait would increase/decrease 
the average performance of progeny according to the specific trait. Different selection indexes 
would lead to different breeding animals being selected in comparison to this paper. Moreover, 
changing the weights in the selection index would change the importance of each trait in the 
model. In sum, the potential shifters would increase/decrease the rate of genetic improvement at 
each stage but most importantly, at the commercial herd stage.  
 
1.5 Results 
Model performance and validation 
The research sets the stochastic variables to validate and test the model. The baseline 
scenario limits capacity and constantly use eight sows at the genetic nucleus stage (four from 
Line 1 and one from each “lettered” lines), four sows at the multiplier herd stage (Line 1), 12 
sows at the commercial herd stage (three from each crossbred lines: 1A, 1B, 1C and 1D) and 
four boars for each boar stud (one from each “lettered” lines). Each sow stays at its stage for two 
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litters and is then replaced by a replacement gilt. The baseline scenario runs for 4,000 time units 
(days). Gilts replacing sows have the same genetics, so this model evaluates lines rather than 
individuals. This is because in the swine reproductive value chain, as opposed to, for example, 
the dairy industry, it is a more common practice to evaluate lines rather than individual animals 
(Bailey, 2012). The research follows Barlas (1996) and Groesser and Schwaninger (2012) to 
validate the internal structure of the model.  
First, the research uses existing empirical and theoretical literature to complete the direct 
structure test. The test compares the model structure with knowledge about the real system 
structure. Each parameter is confirmed according to the literature. Table 1.5 describes the 
model's parameters. Second, the base model allows the conduction of the structure-oriented 
behavior test. It involves simulation of the entire model and aims to reveal structural flaws by 
comparing "expected" behavior with actual simulation results for specific inputs' conditions.  
The research parameterizes the base model as follows: four genetic nucleus sows (Line 1) 
are responsible for producing replacement gilts for the multiplier and four genetic nucleus sows 
(Line A or B or C or D) are responsible for producing boars for the multiplier boar stud. Those 
eight sows are combined with a boar with the exact same expected performance, resulting in 
eight litters: 4 litters of Line 1 and one each of Lines A, B, C and D.  
From each genetic nucleus sow’s litter (Line 1), one replacement gilt is randomly 
selected from the best 50% of the litter and moves to the multiplier stage (Figure 1.6). From each 
genetic nucleus sow’s litter (“lettered” lines), one boar is randomly selected from the best 10% of 
the litter and moves to the multiplier boar stud to produce semen. Following 36 collections at the 
multiplier boar stud, the boar moves to the commercial herd boar stud for 36 additional 
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collections. The multiplier manager mates the four Line 1 replacement gilts from the genetic 
nucleus with one “lettered” boar from the multiplier boar stud and produces replacement gilts 
(Line 1A or 1B or 1C or 1D) for the commercial herd. From each sow’s litter (Line 1 mated with 
a “lettered” line), three replacement gilts are randomly selected from the best 60% of the litter, 
which then move to the commercial herd stage. The commercial herd mates the twelve 
replacement gilts with a specific boar from a different line at the commercial boar stud and 
produces marketing hogs (Line 1AxB or 1AxC or 1AxD or 1BxA or 1BxC or 1BxD or 1CxA or 
1CxB or 1CxD or 1DxA or 1DxB or 1DxC).  
The model defines total capacity at each stage according to the number of potential lines. 
The model only keeps one animal for each crossbred with the exception of the genetic nucleus, 
which contains four sows from Line 1; however, each one is directed to one specific multiplier. 
The capacity at the multiplier stage consists of four sows, one for each potential mating (1A, 1B, 
1C and 1D). The capacity at the commercial herd stage consists of twelve sows, one for each 
potential mating (Line 1AxB or 1AxC or 1AxD or 1BxA or 1BxC or 1BxD or 1CxA or 1CxB or 
1CxD or 1DxA or 1DxB or 1DxC). If the genetic nucleus stage produces replacement gilts or 
boars, but the multiplier has reached its capacity, animals stay in stock until new replacement 
gilts or boars come from the genetic nucleus. New animals push previous ones in stock to leave 
the system. Consequently, animals stay in stock for a maximum of 150 days (gestation and 
weaning periods for the sow). The same thing happens between the multiplier and the 
commercial herd stages. On the other hand, since the model keeps stock, there is no shortage 
when the multiplier or the commercial herd clear up space for a new replacement gilt.  
The base model contains no randomization of phenotypical expression or animal 
performance; there is no genetic improvement in the system. Consequently, animal performance 
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across time reflects parental performance and theoretical phenotypical expression estimates. In 
these cases, expected breeding value (EBV) represents the real performance. The model 
randomly generates a time period (i.e. gestation time, time to reach puberty and growing period) 
at each stage. For example, assume Line 1 has an expected number born alive of 10.00, an 
expected litter size weight of 32.00 lbs., an expected progeny’s number of days to 250 lbs. of 
170.00 days and an expected progeny’s backfat thickness of 0.80 inch. Assume Line A has an 
expected NBA of 11.80, an expected LBW of 32.00 lbs., an expected progeny’s DAYS of 
173.70 days and an expected progeny’s BACK of 0.89 inch. Following Equation (2), this 
produces a crossbred gilt 1A with an expected LBW of 28.5688 lbs. for the commercial herd.  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ 	ൌ 
ൣܧݔ݌݁ܿݐ݁݀	ܪ݁ݎ݅ݐܾ݈ܽ݅݅ݐݕ	௅஻ௐିெ௨௟௧௜௣௟௜௘௥ ൈ	ሺܫ݊݀݅ݒ݅݀ݑ݈ܽݏ	 െ 	ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀ሻ൧ ൅ ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ 	ൌ 
൛Expected	Heritability୐୆୛ି୑୳୪୲୧୮୪୧ୣ୰ 	ൈ ሾሺIndividualୗ୭୵	୐୧୬ୣଵ െ Lower	Boundሻ ൅	ሺIndividual୆୭ୟ୰	୐୧୬ୣ୅ െ
Lower	Boundሻሿ ൊ 2	ൟ 	൅ ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ ൌ	 
ሼ0.2375	 ൈ ሾሺ32.0000 െ 27.5000ሻ ൅ ሺ32.0000 െ 27.5000ሻሿ 	ൊ 2ሽ 	൅ 27.5000  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ ൌ 	28.5688	 
Now assume Line B has an expected NBA of 10.00, an expected LBW of 40.00 lbs., an 
expected progeny’s DAYS of 171.00 days and an expected progeny’s BACK of 0.83 inch. The 
expected LBW for the commercial gilt, 1A, when bred to a “B” boar is 28.2632 lbs., following 
Equation (2). 
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ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ൈ஻ 	ൌ 
	ሾܧݔ݌݁ܿݐ݁݀	ܪ݁ݎ݅ݐܾ݈ܽ݅݅ݐݕ	௅஻ௐି஼௢௠௠௘௥௖௜௔௟	ு௘௥ௗ ൈ	ሺܫ݊݀݅ݒ݅݀ݑ݈ܽݏ	 െ 	ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀ሻሿ ൅ ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ൈ஻ ൌ 
ሼܧݔ݌݁ܿݐ݁݀	ܪ݁ݎ݅ݐܾ݈ܽ݅݅ݐݕ௅஻ௐି஼௢௠௠௘௥௖௜௔௟	ு௘௥ௗ 	ൈ
ሾሺܫ݊݀݅ݒ݅݀ݑ݈ܽௌ௢௪	௅௜௡௘ଵ஺ െ ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀ሻ ൅	ሺܫ݊݀݅ݒ݅݀ݑ݈ܽ஻௢௔௥	௅௜௡௘஻ െ ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀ሻሿ ൊ 2	ሽ 	൅ ܮ݋ݓ݁ݎ	ܤ݋ݑ݊݀  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ൈ஻ ൌ 
	ሼ0.1125	 ൈ ሾሺ28.5688 െ 27.5000ሻ ൅ ሺ40.0000 െ 27.5000ሻሿ 	ൊ 2ሽ 	൅ 27.5000  
ܧݔ݌݁ܿݐ݁݀	ܮܤ ଵܹ஺ൈ஻ ൌ 28.2632	 
Thus, as Line 1 expected litter birth weight is 32.00 lbs., Line A expected litter birth 
weight is 32.00 lbs. and Line B expected litter birth weight is 40.00 lbs., expected litter birth 
weight at the multiplier stage is 28.57 lbs. and expected litter birth weight at the commercial herd 
stage is 28.26 lbs. The same calculations occur with NBA, DAYS, and BACK for each crossbred 
animal (Table 1.6). 
The model estimates expected performance indexes as well for each crossbred (Table 
1.7). For example, at the multiplier stage, the expected General Index of a replacement gilt from 
Line 1 mated with a boar from Line A is: 
ܧݔ݌݁ܿݐ݁݀	ܩܫଵ஺ 	ൌ 
	100 ൅ 6.6 ൈ ሺܰܤܣଵ஺ െ	ܰܤܣ௕௔௦௘ି௖௔௦௘ሻ ൅ 	0.4 ൈ ሺܮܤ ଵܹ஺ െ	ܮܤ ௕ܹ௔௦௘ି௖௔௦௘ሻ െ 1.6 ൈ ሺܦܣܻܵଵ஺ െ
	ܦܣܻܵ௕௔௦௘ି௖௔௦௘ሻ െ 65	 ൈ ሺܤܣܥܭଵ஺ െ	ܤܣܥܭ௕௔௦௘ି௖௔௦௘ሻ  
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ܧݔ݌݁ܿݐ݁݀	ܩܫଵ஺ 	ൌ 
100 ൅ 6.6 ൈ ሺ8.58 െ 	10.00ሻ ൅ 	0.4 ൈ ሺ28.57 െ 	32.00ሻ െ 1.6 ൈ ሺ178.10 െ 	170.00ሻ െ 65	 ൈ ሺ0.90 െ
	0.80ሻ  
ܧݔ݌݁ܿݐ݁݀	ܩܫଵ஺ ൌ 	69.60 
Moreover, at the commercial herd stage, the expected General Index of a replacement gilt 
from Line 1A mated with a boar from Line B is: 
ܧݔ݌݁ܿݐ݁݀	ܩܫଵ஺ൈ஻ 	ൌ 
	100 ൅ 6.6 ൈ ሺܰܤܣଵ஺ൈ஻ െ	ܰܤܣ௕௔௦௘ି௖௔௦௘ሻ ൅ 	0.4 ൈ ሺܮܤ ଵܹ஺ൈ஻ െ	ܮܤ ௕ܹ௔௦௘ି௖௔௦௘ሻ െ 1.6 ൈ ሺܦܣܻ ଵܵ஺ൈ஻ െ
	ܦܣܻܵ௕௔௦௘ି௖௔௦௘ሻ െ 65	 ൈ ሺܤܣܥܭଵ஺ൈ஻ െ	ܤܣܥܭ௕௔௦௘ି௖௔௦௘ሻ  
ܧݔ݌݁ܿݐ݁݀	ܩܫଵ஺ൈ஻ 	ൌ	 
100 ൅ 6.6 ൈ ሺ8.13 െ 	10.00ሻ ൅ 	0.4 ൈ ሺ28.26 െ 	32.00ሻ െ 1.6 ൈ ሺ181.08 െ 	170.00ሻ െ 65	 ൈ ሺ0.94 െ
	0.80ሻ  
ܧݔ݌݁ܿݐ݁݀	ܩܫଵ஺ൈ஻ ൌ 	59.55 
Thus, as Line 1 expected General Index is 100.00, Line A expected General Index is 
100.00 and Line B expected General Index is 100.00, expected General Index for replacement 
gilt 1A at the multiplier stage is 69.60 and expected General Index for replacement gilt 1AxB at 
the commercial herd stage is 59.55. 
Each sow starts with an expected General Index of 100, but Lines C and D have superior 
carcass traits, DAYS and BACK (Table 1.6:rows 3 and 4, columns 3 and 4). The base model 
suggests Line 1CxD is the best crossbred for the commercial herd stage, according to the 
expected General Index (Table 1.7: row 7, column 4). Validating the model, higher phenotypical 
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expression level for carcass traits (DAYS and BACK) explains the performance difference 
between lines down to the commercial level.  
Finally, the behavior pattern test verifies the reasonableness of major behavior patterns 
displayed in the model. Patterns such as periods, trends, phase lags and amplitudes represent 
logical long-term behaviors. Specifically, the model shows robustness when the expected 
General Index of sows at the Genetic Nucleus stage rises by 1 every two litters: the improvement 
over time is .0017 per day (Figure 1.7). Notice how low phenotypical expression mutes the 
diffusion process through the system as the improvement at the commercial herd stage is only 
1/5th (.0003) the improvement witnessed at the Genetic Nucleus stage.  
Following Equation (1), the expected ratio of genetic improvement of all indexes at time t 
where, x = 0, and i = {1…4000}: 
∆ܩீூ ൌ 	ܩܫ௧ୀ௫ା௜	ܩܫ௧ୀ௫ 	 
For example, when t = 4,000 
∆ܩீூ	௔௧	௚௘௡௘௧௜௖	௡௨௖௟௘௨௦ 		ൌ 	 106.26100.20 ൌ 1.06	 
∆ܩீூ	௔௧	௠௨௟௧௜௣௟௜௘௥ 						ൌ 	 73.5971.55 ൌ 1.03	 
∆ܩீூ	௔௧	௖௢௠௠௘௥௖௜௔௟	௛௘௥ௗ ൌ 	61.4160.50 ൌ 1.02	 
There is a 6% improvement after 4,000 days at the Genetic Nucleus stage, while only a 
2% improvement at the commercial herd stage because of low phenotypical expression. Low 
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phenotypical expression estimates in the model cause progeny to only receive a fraction of the 
genetics’ superiority over time.  
Selection intensity drives the model as only the best animals move to the next stage for 
breeding. For example, the first insemination at time = 1 for Line A produces a litter with four 
boars after 118 days and those boars reach puberty at around 420 days (Table 1.8). High 
selection intensity (best 10%) for the “lettered” lines pushes superior boars to produce semen in 
both the multiplier and commercial boar studs. So, with an average General Index of 110 for the 
multiplier boar candidates, Boar 4, with a General Index of 130, moves to the multiplier boar 
stud. For the second litter, the sow farrows six boars at t = 265 days and boars reach puberty at t 
= 515 days, with an average General Index of 95. Boar 3, with a General Index of 125, moves to 
the multiplier boar stud. The same process occurs with each nucleus sow farrowing. 
Convergence is an important system property whereby a closed system with fixed 
distributions and randomization yields the expected performance over time. The cumulative 
average General Index converges to the expected average over time. The model shows that 
convergence, or discovery of the true performance, takes time: more than 1,000 days when 
breeding one sow at a time and parameterizing the model with standard industry assumptions. 
Therefore there are significant scale economies with respect to the discovery of true performance 
(convergence) when holding the environment constant. Convergence would more rapidly occur 
if 1,000 sows were bred at a time rather than the stylized approach focusing on single breeding.  
Commercial managers have access to genetic information after breeding decisions have 
been made at the nucleus and multiplier stages. Assuming that the first nucleus sow is bred at 
time = 1, then the commercial herd would start breeding around t = 800 and have performance 
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information on four crossbred lines —1A, 1B, 1C and 1D— and no commercial progeny 
information (Figures 1.8, 1.9, 1.10 and 1.11). The firm would see that line 1D is superior with a 
General Index of 113 (Figure 1.11, point A) while Line 1B lags with a GI of 93 (Figure 1.9, 
point A). The same information setting would preside over the commercial herd’s second 
breeding as well. By day 1,150, there would be commercial progeny performance information on 
BACK and DAYS, which better informs the commercial breeder. At the same time, the number 
of farrowing sows is growing, but convergence to the true mean performance does not occur 
until after the commercial herd’s fourth breeding cycle.  
Information is scarce, which causes a low quality of available information for the 
commercial breeder. At first, Line 1DxC appears to be clearly superior to the other choices, but 
in fact it becomes mediocre by day 4,000 (Figure 1.11, points B and C). The challenge for 
commercial breeders is the cost of not waiting until more complete information is known or, 
similarly, investing in ways to advance the system so that more reliable information is known 
earlier. 
A key issue becomes the importance of data's quantity and data's location. First, data 
collected at the commercial herd stage is necessarily more important to the commercial herd's 
manager. However, its first breeding decision looks at data from the multiplier stage. Since 
phenotypical expression values between the multiplier and the commercial herd stages for each 
mating is initially unknown, a manager bases the first decision on poor information. As long as a 
specific mating has not been carried in its herd, the commercial herd's manager never knows the 
true level of the specific mating's phenotypical expression.  
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Managers at the commercial herd stage need to constantly evaluate this tradeoff between 
mating new unproven lines and mating quasi-proven lines.  
 
1.6 Discussion and Conclusion 
In sum, the model contains and evaluates the phenotypical expression of four specific 
performance traits that are critical components of the swine reproductive value chain. The model 
evaluates these key traits in terms of the herd population dynamics and information quantity and 
quality available to reproductive managers. The model illustrates the difficulty in identifying true 
performance at each stage and across time.  
The three-stage swine reproductive value chain shows the disconnect in information 
availability between early decision making at the nucleus and multiplier stage levels and the 
commercial herd. For example, the commercial herd most values information about DAYS and 
BACK, yet has only weak information from the multiplier. Additionally, the commercial herd 
manager does not know or participate in the selection process at the nucleus herd; thus, a 
preference for BACK and DAYS may be swamped by other objectives, such as NBA. An 
additional complexity is the varying and weak effect of phenotypical expression. First, decisions 
made at the nucleus stage are slow to diffuse. Second, carcass traits have higher phenotypical 
expression but may be relatively less relevant to up chain reproductive managers that need large 
volumes of high quality animals.  
The challenges of low quantity and poor quality information could be reduced with more 
farrowing, as convergence would occur more quickly. The model assumes that there is no 
environmental effect. Implicitly there is a tradeoff across the value chain, whereby a firm could 
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increase volumes and advance the environment when information is complete. But unless the 
firm was integrated, there would be significant environmental effects as animals move down the 
value chain to individual multiplier and commercial operations. The alternative would be to 
integrate and optimize performance across the three stages. The integrated firm would need to be 
large to achieve an information economy of a scale that would produce robust performance 
information.  
Information markets in the swine reproductive value chain are weak. Down chain 
commercial herds struggle to truly differentiate among the various breeding stock offers 
presented to them. Risk-averse buyers may opt to buy from larger suppliers not because of 
proven quality but because of the safety of the industry’s preferred and best-known brands. Poor 
quality and quantity of information disrupts the essential phenotypical problem for commercial 
herd buyers, who may ask: “will the genetics I buy result in the best performance I can expect?”  
All models contain limitations. Three important missing areas in this model impact the 
analysis of the reproductive value chain in terms of information quantity and quality. First, the 
model includes one sow per specific mating. This is not realistic since artificial insemination can 
be achieved on numerous sows producing large quantities of progeny from the same line. The 
large volume of offspring then provides statistically relevant and faster feedback, which guides 
subsequent breeding decisions. Subsequent paper addresses the impact of the lack of integration 
across varying environments on information quality and quantity.  
Second, animals’ phenotypical expression is not only explained by genetics, as assumed 
in this model. The effect of genotype x environment interaction (GEI), which is discussed in a 
subsequent paper, is an important issue in the swine reproductive value chain. Different 
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environmental factors can affect animals' phenotypical expression: physical conditions (thermal, 
stocking density, feed and water access), social conditions (pigs per pen, movement), and 
microbial conditions (sanitation, segregation) (Holck et al., 1998). The scope of GEI’s effects 
creates significant complexity for a commercial herd. Ceteris paribus, information quality 
declines in the presence of multiple environments within the value chain and where there exist 
strong GEI effects. When the commercial herd’s manager looks at aggregated data from the 
multiplier stage or from other commercial environments, nothing accounts for the particular 
properties of his environment. Thus, the commercial herd manager needs information about 
animals’ phenotypical expression in a particular environment. Thus there is an incentive for the 
commercial herd to integrate to produce animals within a more homogenous environment in 
order to improve information quality and resulting decision-making. There is a tradeoff for 
managers, as noted above, between the strong information scale economies which emphasize the 
importance of information quantity, creating business models that produce high quality 
information as well. For example, the manager needs to balance breeding decisions for older 
animals proven in one environment that reflect a sufficient number of observations and younger 
animals with newer genetics and fewer observations spread across multiple or a different 
environment(s).  
Third, some management practices strongly influence the flow, quantity and quality of 
information across the swine reproductive value chain. For example, the practice of pooling 
semen entails a significant reduction in data quality. Pooled semen involves the use of three to 
five boars per insemination. It allows managers to compensate for infertile boars that are not yet 
known to be infertile. However, pooling masks individual results, and the true identification of 
high-indexed boar is difficult with this practice.  
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Another debated practice in the industry includes the use of frozen semen. Frozen semen 
achieves lower performance in terms of fertility and number of animals born alive. Still, the use 
of this practice could cause a better identification of high-indexed boars and more importantly, a 
better use of those boars. With no time or spatial restriction related to its perishability, frozen 
semen of highly indexed boars could be widely used and could generate robust performance 
results across multiple environments. Or, conversely, this practice could reduce the usage of poor 
boars because testing could be performed prior to use. In a fresh semen model, turnovers are fast 
and boars move downstream or are culled before enough information about their performance 
becomes available. Both management practices are covered in a subsequent paper.  
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CHAPTER 1 FIGURES 
 
Figure 1.1. Swine Reproductive Value Chain 
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Figure 1.2. Swine Reproductive Value Chain with Straight-Line Distribution 
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Figure 1.3. Stylized Model of the Swine Reproductive Value Chain 
 
  
38 
 
Figure 1.4. Stocks and Processes for Each Stage Included in the Model 
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Figure 1.5. Example Triangular Distribution when the most likely Number Born Alive = 
10; lower bound = 8; upper bound = 14 
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Figure 1.6. Stylized Physical Flows in the Base Model 
 
Images sources: Lamberson and Cleveland (1991); kwest.net10; discoverwriting.com11  
  
                                                            
10 http://kwest.net/desk‐top_publishing/graphics/animals/PIG‐SOW.GIF  
11 http://www.discoverwriting.com/pig.gif 
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Figure 1.7. General Index Improvement when Genetic Nucleus Sows Improve One Unit 
Every Two Litters  
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Figure 1.8. General Index Convergence over Time for the Multiplier Line 1A and Its 
Commercial Lines 
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Figure 1.9. General Index Convergence over Time for the Multiplier Line 1B and Its 
Commercial Lines 
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Figure 1.10. General Index Convergence over Time for the Multiplier Line 1C and Its 
Commercial Lines 
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Figure 1.11. General Index Convergence over Time for the Multiplier Line 1D and Its 
Commercial Lines 
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CHAPTER 1 TABLES 
 
Table 1.1. Traits' Expected Performance Value for Line 1 Replacement Gilt and Traits’ 
Distribution in the Model 
Trait Analytical 
Unit 
Most 
likely 
Value 
Model 
Lower 
Bound 
Model 
Upper 
Bound 
Number Born Alive Individual Performance 10.00 8.00 14.00 
Litter Born Weight 
(average per piglet) 
Individual 
Performance 3.20 2.75 5.50 
Number of Days to 250 
lbs. 
Progeny 
Performance 170.00 155.00 185.00 
Backfat (inches) Progeny Performance 0.80 0.50 1.00 
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Table 1.2. Traits' Expected Performance Value for "Lettered" Sows’ Progeny in 
Comparison to Line 1’s Progeny 
Trait Line 1 Line A Line B Line C Line D 
Number Born Alive 10.00 11.80* 10.00 8.33 8.42 
Litter Born Weight 
(average per piglet) 3.20 3.20 4.00* 3.20 3.20 
Number of Days to 250 lbs. 170.00 173.70 171.00 163.10* 170.00 
Backfat (inches) 0.80 0.89 0.83 0.80 0.64* 
Index      
General Index (GI) 100 100 100 100 100 
Sow Productivity Index (SPI) 100 112 108 89 90 
Maternal Line Index (MLI) 100 104 101 98 95 
Terminal Sire Index (TSI) 100 96 98 104 105 
Note: *: line ranks higher in this particular trait 
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Table 1.3. Key Calculated Performance Indexes 
Index Calculation 
Sow Productivity 
Index (SPI) 100 + 6.5*(NBA - NBAavg) + 1*(LBW - LBWavg) 
General Index 
(GI) 
100 + 6.6*(NBA - NBAavg) + 0.4*(LBW - LBWavg) - 1.6*(DAYS - 
DAYSavg) - 65*(BACK - BACKavg) 
Maternal Line 
Index (MLI) 
100 + 7.6*(NBA - NBAavg) + 0.5*(LBW - LBWavg) - 1.5*(DAYS - 
DAYSavg) - 45*(BACK - BACKavg) 
Terminal Sire 
Index (TSI) 
100 + 5.2*(NBA - NBAavg) + 0.3*(LBW - LBWavg) - 1.8*(DAYS - 
DAYSavg) - 80*(BACK - BACKavg) 
 
where 
NBAavg 10 
LBWavg 32 
DAYSavg 170 
BACKavg 0.80 
Sources: Krider et al., 1982; Whittermore and Kyriazakis (2006); NSR (2011) 
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Table 1.4. Phenotypical Expression Estimates for Pigs 
Traits Theoretical Range of Heritability 
Most likely 
value at the 
Multiplier 
stage 
Most likely 
value at the 
Commercial 
Herd stage 
Reproductive Traits    
Number Born Alive (NBA) 0.0500 – 0.2500 0.2000 0.1000 
Litter Birth Weight (LBW) 0.0500 – 0.3000 0.2375 0.1125 
Growth and Carcass Quality 
Traits 
 
   
Days to 250 lbs (DAYS) 0.3000 – 0.6000 0.5250 0.3750 
Backfat thickness (BACK) 0.4000 – 0.7000 0.6250 0.4750 
Sources: Rothschild (1996), Whittermore and Kyriazakis (2006), Chiba (2010) 
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Table 1.5. Variable Parameter Values for the Base Model 
Variables Where 
Parameters May Vary 
Distribution 
and Type Values/Range Source 
Gestation (Days) Random Integer {110…120} 
Whittermore and Kyriazakis (2006); 
Key, N. and McBride, W.D. (2007) 
Time to reach puberty Random Integer {245…305} 
Whittermore and Kyriazakis (2006); 
Key, N. and McBride, W.D. (2007) 
Collection Rate (boar 
semen) Fixed 1 per 5 days 
Whittermore and Kyriazakis (2006); 
CIPQ (2011) 
Piglets returning to 
breeding herd Fixed 0.0 Model assumption 
Doses per ejaculate Fixed 25 Knox, R. (2001); Whittermore and Kyriazakis (2006) 
Conception rate (%) Fixed 85, 100 Knox, R. (2001); Safranski, T. (2008) 
Abortion rate (%) Fixed 0 Model assumption 
Mortality rate (%) Fixed 0 Model assumption 
Culling rate (sow) Fixed After 2 litters Model assumption 
Collections per boar at 
Multiplier boar stud Fixed 36 
Whittermore and Kyriazakis 
(2006);CIPQ (2011) 
Collections per boar at 
Commercial herd boar stud Fixed 36 
Whittermore and Kyriazakis (2006); 
CIPQ (2011) 
Heterosis effect Fixed 0 Model assumption 
Correlation between traits Fixed 0 Model assumption 
Parity effect on 
performance 
Fixed 0 
Model assumption 
Sex ratio (% female) Random Integer {45…55} 
Model assumption 
Number born alive Stochastic & Integer {8…14} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Litter birth weight 
(average/piglet) 
Stochastic & 
Real {2.75…5.5} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Days to 250 lbs. Stochastic & Real {155…185} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Back fat (inches) Stochastic & Real {0.50…1.00} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
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Table 1.6. Traits' Expected Performance for Base Model Crossbred Animals 
 Column 1 2 3 4
Row Trait Line 1A Line 1B Line 1C Line 1D 
1 Number Born Alive 8.58 8.40 8.23 8.24
2 Litter Born Weight 28.57 29.52 28.57 28.57
3 Number of Days to 250 lbs. 178.10 177.39 175.31 177.13
4 Backfat (inches) 0.90 0.88 0.88 0.83
5 Trait  Line 1AxB 
Line 
1AxC 
Line 
1AxD 
6 Number Born Alive  8.13 8.05 8.05
7 Litter Born Weight  28.26 27.81 27.81
8 Number of Days to 250 lbs.  181.08 179.60 180.89
9 Backfat (inches)  0.94 0.93 0.89
10 Trait Line 1BxA  
Line 
1BxC 
Line 
1BxD 
11 Number Born Alive 8.21 8.04 8.04
12 Litter Born Weight 27.87 27.87 27.87
13 Number of Days to 250 lbs. 181.45 179.47 180.76
14 Backfat (inches) 0.95 0.93 0.89
15 Trait Line 1CxA 
Line 
1CxB  
Line 
1CxD 
16 Number Born Alive 8.20 8.11  8.03
17 Litter Born Weight 27.81 28.26  27.81
18 Number of Days to 250 lbs. 181.07 180.56  180.37
19 Backfat (inches) 0.94 0.93  0.88
20 Trait Line 1DxA 
Line 
1DxB 
Line 
1DxC  
21 Number Born Alive 8.20 8.11 8.03  
22 Litter Born Weight 27.81 28.26 27.81  
23 Number of Days to 250 lbs. 181.40 180.90 179.42  
24 Backfat (inches) 0.93 0.92 0.91  
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Table 1.7. Expected General Index for Base Model Crossbred Animals 
 Column 1 2 3 4
Row Trait Line 1A Line 1B Line 1C Line 1D 
1 General Index (GI) 69.60 71.14 73.59 74.00
2 Trait  Line 1AxB 
Line 
1AxC 
Line 
1AxD 
3 General Index (GI)  59.55 61.65 62.08
4 Trait Line 1BxA  
Line 
1BxC 
Line 
1BxD 
5 General Index (GI) 58.69 62.11 62.54
6 Trait Line 1CxA 
Line 
1CxB  
Line 
1CxD 
7 General Index (GI) 59.38 60.70  63.23
8 Trait Line 1DxA 
Line 
1DxB 
Line 
1DxC  
9 General Index (GI) 59.61 60.93 63.04  
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Table 1.8. General Index of Boars Available for Selection from Line A  
Litter 
from 
Line A 
Time 
t = days Boar #1 Boar #2 Boar #3 Boar #4 Boar #5 Boar #6 
Average 
for the 
litter 
1st 420 86.64 92.15 129.67 129.91 - - 109.59
2nd 515 69.99 102.30 125.11 87.00 92.29 90.38 94.51
3rd 681 96.12 99.63 97.01 101.69 108.35 - 100.56
4th 832 112.21 120.32 108.62 125.72 113.96 - 116.17
5th 969 106.19 105.49 88.70 94.12 106.35 117.44 103.05
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CHAPTER 2: VALUE CHAIN INTEGRATION TO REDUCE GENOTYPE X 
ENVIRONMENT INTERACTION 
 
2.1 Problem Statement 
Over the last two decades, the hog industry has undergone significant structural change in 
the form of specialization, increasing scale, linkages across the value chain with retailers and 
processors, environmental obligations and new technologies (Honeyman, 1996; Plain et al., 
2008). As a result, the industry structure, market for information and transaction governance 
have changed with a much greater emphasis on contracts, vertical coordination, improved 
sharing of information and strategic partnerships.  
Although vertical coordination mainly occurs between commercial herd producers and 
processors, some cases imply coordination upstream to the genetic suppliers. For example, since 
1991, Smithfield Food, one of the world’s largest pork producers and processors, is integrated up 
through the breeding stock management stage of the value chain. Through a joint venture with 
Carroll’s Foods (an important U.S. hog producer in 1991), they entered a franchise agreement 
with National Pig Development (NPD, British breeding company) to produce hogs under the 
Smithfield Food Lean Generation brand (Martinez and Zering, 2004). In 2000, through 
subsequent acquisitions, Smithfield Food restructured its supply chain and now operates 
Smithfield Premium Genetics, which develop its own breeding stock brand. Similarly, Triumph 
Foods, one of the leading pork processors in the U.S., partners with Pig Improvement Company 
(PIC), the world’s leader in swine genetics. Together they develop and maintain a “fully 
customized sire line” specifically adapted to Triumph Foods needs and conditions (Genus plc, 
2010).  
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These structural changes have led to greater management efficiencies from herd 
management and feed conversion (Key and McBride, 2007). Farrowing levels, feed conversion 
and weaning weights have improved over the last 20 years (Key and McBride, 2007; USDA, 
2008). Some animal scientists mention breeding management, use of superior genetic breeds and 
lines, and crossbreeding to utilize heterosis, quantitative genetic evaluation and selection for 
genetic improvement of critical traits as important factors for this improvement, especially in 
reproductive traits (Rothschild, 1996 Rosendo et al., 2007; Sosnicki and Newman, 2010). Others 
see that genetics management lags other areas of management in terms of efficiency gains 
because results in the nucleus herds’ environments are difficult to replicate in a commercial herd 
environment (Clutter, 2011). An animal’s breeding value results from the performance of 
descendants and relatives across a variety of environments or, in the case of a nucleus herd, 
within one environment. However, possible responses to selection are reduced by phenotypic 
data's absence in the estimation of breeding values (Bijma and van Arendonk, 1998; Ibanez-
Escriche et al., 2011). The true breeding value thus always remains unknown. The challenge for 
the commercial producer remains how best to reduce the performance uncertainty in a particular 
environment associated with a breeding animal.  
Part of the difference as to the real source of value, genetics or the environment 
corresponds to where a firm is located along the value chain. Purebred breeders and nucleus 
genetic suppliers tout the impact of genetics on commercial herd performance (McLaren, 2007). 
Commercial herd managers feel heritability of key profitability related traits is low because the 
genotype x environment interaction is high, especially for reproductive characteristics like litter 
size and live births (Knox, 2001; Whittemore and Kyriazakis, 2006; Dekkers, 2007). The lack of 
heritability creates a low quality/quantity information environment for profitability related traits. 
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Commercial herd managers know that environment matters, as the performance impact is weak 
in their operations from the genetics they buy and unproven animal breeding value indexes are 
risky to manage (NSIF, 2002). The disconnect between genetic selection at the genetic nucleus 
stage and phenotypical expression within the commercial herd stage can lead to inefficient 
decision-making at each stage and especially for the commercial herd since decisions depend on 
upstream actions.  
This research specifically explores how the reproductive value chain industry structure 
and associated information flows affect commercial herd performance in the previous research. 
Previously, these challenges along the reproductive value chain were defined as the manager’s 
information problem. Vertical integration represents one potential alternative to control in terms 
of the information problem. An integrated value chain tends to facilitate the sharing of 
information throughout the production process.  
 
2.2 Objectives 
The goal of this research is to apply the previously created model (Bishinga and 
Goldsmith, 2012) for the evaluation of changes to the organizational structure of the swine 
reproductive value chain. The first objective is to define and illustrate the dynamics of the 
potential organizational structural changes. The tested scenario is: the genetic nucleus integrates 
downstream and increases the number of herds for each line at the multiplier stage, subsequently 
differentiating its product and increasing the opportunity for the performance's repeatability in a 
commercial herd’s environment. The second objective is to update the previous model of the 
swine reproductive value chain according to the new characteristics. Finally, the third objective 
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is to compare the new swine reproductive value chain with the baseline scenario elaborated in 
the previous paper. Specifically, the research compares the speed and time lags of information 
creation and the uncertainty, due to weak information (asymmetries and relevancy), that creates a 
divide between expected and actual performance at the commercial herd tier. 
 
2.3 Literature Review 
Pigs' phenotype is determined by two factors, genetics and environment, and the 
interaction between them (Phenotype = G + E + GEI). Genetics represents heredities from an 
animal's parents. Environment represents anything "that is not controlled by the genes that the 
animal has inherited from its parents" (Sterle, 2012). However, when genotype x environment 
interaction (GEI) exists, genetics cannot be considered independently. The phenotype equation 
also includes the joint effects of genotype and environment (Dickerson, 1962; Montaldo, 2001). 
Different environmental factors can affect an animal’s phenotypic expression: physical 
conditions (thermal, stocking density, feed and water access), social conditions (pigs per pen, 
movement) and microbial conditions (sanitation, segregation) (Holck et al., 1998). 
The influence of a pig’s genotype (G) on pigs’ phenotype (P) increases as the influence 
of environment (E) is minimized (Whittermore and Kyriazakis, 2006). Parent genetic 
information influences a pig's genotype. Heritability determines the level of influence from 
parents. Heritability designates the extent to which a trait can be related to genetic effects. With 
higher heritability, progeny’s phenotypical expression for a specific trait has a higher chance to 
reach the parents’ performance and limiting the influence of environment in pigs’ phenotype 
(Montaldo, 2001; Sterle, 2012). Thus, as heritability increases, the impact of environment and 
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GEI for a particular trait decreases (Schwab, 2012). Breeding programs need to acknowledge 
heritability when selecting animals for a particular trait since heritability influences response to 
selection (progeny’s results). Response to selection represents the optimal source of genetic 
improvement. Managers need to make the best use of selection differentials as well as 
heritability to maximize response to selection (Figure 2.1). In other words, "The better the 
parents, the better the response; the higher the heritability, the better the response for any given 
selection differential" (Whittermore and Kyriazakis, 2006). 
Various researchers acknowledge the presence of GEI in the swine industry. There exist a 
variety of estimators of the genetic correlation between and within a breeding program's stages 
(Cameron, 1993). A genetic correlation estimator reflects the phenotypical differences for the 
same genotype across two different environments (Dickerson, 1962). Measuring genetic 
correlation is an appropriate measure to evaluate GEI impact (Brascamp et al., 1995). Genetic 
correlation is unity in absence of GEI. Estimated breeding programs will have reduced 
production efficiency when genetic correlations between the selection and commercial 
environments are lower than 0.8 (Robertson, 1959, in Montaldo, 2001). Moderate genetic 
correlation (0.3-0.7) exists for daily gain and backfat thickness depending on the value chain 
stage where reproduction decision-making takes place: central station (nucleus herd), on-farm 
testing (multiplication) and commercial fattening (commercial herd) (Merks, 1989). The growing 
environment in commercial herds limits an animal’s genetic performance for growth (liveweight, 
lean and fat growth) to approximately 70% of its potential (Holck et al., 1998).  
GEI impacts become less significant when a manager is more able to control the 
environment (Montaldo, 2001). For example, greater control occurs in swine and poultry systems 
and less control occurs with crop and fish production. However, recent structural changes in the 
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swine industrial structure continue to create significant GEI effects. Greater control over the 
environment allows firms to differentiate and create competitive advantage through management 
(Wolter, 2011). Thus, as genetic (up the value chain) and production environments (down the 
value chain) change, interactions between them continuously move, and as a result remain 
difficult to predict (Sterle, 2012). Also, breeding programs increasingly tend to be more 
internationally oriented and strive to breed animals that perform well in different environments 
(Mulder & Bijma, 2005). It is commonly recognized that breeding methods and consumers' 
preferences are converging around the globe, but production environments unfortunately still 
differ considerably (Bichard, 1977). Previously seen as small and insignificant, GEI stressors are 
now important factors, and breeding programs need to be adapted (Mercks, 1989; Schinckel et 
al., 1999). Therefore, the first important feature of this model is that ceteris paribus, integration 
across the reproductive value chain will tend to homogenize environments and thus reduce the 
GEI effects. 
Due to GEI, the performance of animals based on their performance in the selection 
environment might not be repeatable by animals' progeny in the growing environment 
(Brascamp et al., 1985; Falconer and Mackay, 1996, according to Mulder & Bijma, 2005; 
Montaldo, 2001). This holds serious implications when studying the problem from a value chain 
perspective because firms downstream purchase genetics based on upstream performance. A 
potential performance gap along the value chain exists because commercial herd environments 
differ from those of upstream breeding companies. Performance of animals in the selection 
environment does not contribute to accurate selection of animals' progeny in the production 
environment, which decreases the efficiency of breeding programs (Brascamp et al., 1985; 
Mulder & Bijma, 2005). 
64 
 
To control for GEI, value chain agents focus on statistical expectations. Sib-testing uses 
an animal’s own performances, its siblings' performances and its half-sibling' performances. 
Progeny-testing uses average performances of an animal's progeny. However, progeny testing 
includes time lag caused by the delay for information collection about progeny. Moreover, 
progeny-testing involves complex and costly performance tests in commercial herds, which do 
not necessarily possess the required equipment to assess individual records on each animal 
(Barscamp et al., 1985). Therefore, the second important feature of the model is that two 
temporal effects are also present as managers along the reproductive value chain address 
GEI: a) the lag in time between progeny performance results and commercial breeding; and b) 
the rapid turnover of sires and dams. The lag effect prevents chain managers from having full 
and timely information about progeny and sib performance, while the turnover effect reduces 
the number of observations, especially within relevant comparable environments.  
Breeders must depend on sibling testing as an early indicator of sire or dam performance. 
Often, these siblings reside in different environments, are compiled as averages and reflect 
relatively small numbers. Progeny-testing schemes tend to minimize performance loss between 
the selection and production environments, especially in situations where heritability is low or 
moderate and GEI is moderate to severe (Montaldo, 2001; Mulder & Bijma, 2005). But there are 
greater temporal effects in progeny testing compared to sibling testing. Upstream breeders’ 
selection strategies should include as much data as possible from commercial environments 
when selection and production environments significantly differ (Mercks, 1989; Bijma and van 
Arendock, 1998; Zumbach et al., 2007; Biscarini et al., 2008). 
Most breeding programs (utilizing sib-testing or progeny-testing data) do not lack for 
data simply because swine reproduction is a relatively rapid process and females are prolific 
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compared to cattle breeding. However, expected performance calculations involve averages 
across numerous types of environments that will differ in terms of feeding and housing systems. 
Therefore, aggregating those data may be an inefficient indicator of an animal's performances in 
a specific commercial environment. 
 
2.4 Scenarios 
To conduct the analysis, two scenarios are created. Scenario 1 depicts four sows in four 
different environments sustaining four different unknown GEI. Scenario 2 includes four sows, 
reflecting four herds, operating in two different environments.  GEI will differ across the two 
groups because of differing environments and within a group due to the stochastic nature of the 
model.  
The two scenarios help explore two general propositions.  
Proposition #1: An aggregation problem exists along reproductive value chains when genetic 
testing combines performance results across environments and within or across value chain 
stages. 
Selection environment and commercial environment should be similar with respect to 
feeding regimen, housing system and health status in order to account for GEI as much as 
possible (Webb and Curran, 1986). Market hogs generally grow in a lower quality environment 
where hygiene is less meticulously managed and space per pig is minimized (Zumbach et al., 
2007). However, this management practice prevails because lowering costs represents is 
economically important for commercial producers, as the finishing phase makes up the majority 
of the costs for marketing hogs (Holck et al., 1998). At the same time, the heterogeneity in 
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environments is greatest at the finishing phase, and swine commercial herds produce commodity 
products where the market determines the price. As a result, the “manager’s problem” centers on 
improving production efficiencies, which involves many input variables as the means for 
improving profit margins. Thus, profitability is a function of how the purchased genetics respond 
to a manager's particular environment.  
Of interest to the subject of this manuscript is the relationship between the upstream 
supplier of genetics and the level of phenotypical expression in the downstream commercial 
environment. Specifically, anecdotal reports from the industry suggest that within the 
commercial herd, there is uncertainty about sire performance when performance estimates are 
based on progeny performance up chain rather than at the commercial stage or in a commercial 
environment. Commercial herds and genetic nuclei/multipliers remain un-integrated such that 
performance information flow is indirect and communication nonspecific. With numerous 
potential GEI within each production environment, there is a "possible need to design as many 
breeding programs as environments” Montaldo (2001). However, multiplying environments 
increases costs, encouraging genetic suppliers to operate single and small-scaled breeding 
programs to supply a large animals population distributed across numerous environments 
(Drinkwater and Hetzel, 1991, according to Montaldo, 2001).  
Proposition #2: The diseconomies of matching genetic testing to commercial environments make 
integration, either downstream by the nucleus herd or upstream by the commcerial herd, costly, 
even though matched breeding systems might be ideal. 
Finally, it is commonly believed that an "optimum breeding scheme could only exist 
within a very large integrated breeding and production organization," but at the same time it is 
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acknowledged that such a scheme would require high levels of management, capital investment 
and efficiency in organizational performance (Bichard, 1977). Producing and keeping proprietary 
lines performing in a commercial herd's environment requires adequate control, specialized 
people and a complex system of evaluation (Wolter, 2012). 
Genetic nucleus firms produce breeding animals in highly controlled environments to 
eliminate statistical noise that confounds findings about performance. Specifically, breeders 
attempt to eliminate environmental impact. They may have little incentive to evaluate their 
product in various environments if GEI effects are high and genetic turns are rapid, as identifying 
performance across environments is both timely and costly and requires limiting the quantities in 
each environment. Therefore, they rely on maximizing performance from a small number of 
breeding animals (Harris, 2000). Similarly, if GEI is high, management plays a significant role in 
commercial business competitiveness. Commercial herds have no incentive to share their 
environment's information since it can reveal the source of a competitive advantage among herds 
(Wolter, 2011). Both performance and herd's environmental data are generally proprietary to the 
herd, and benefits to sharing data are not always readily apparent. Breeders also bear the cost for 
entering performance data (Shepherd, 1997). As a result, commercial herds only have access to 
aggregated herd/line data instead of individual boar and sow data (Bailey, 2012).  
 
2.5 Procedures 
According to the literature review, no prior work has been conducted in the area of 
reproductive value chains affected by GEI. This research constructs and exercises a dynamic 
stochastic simulation model to explore the above two propositions. For parsimony, the discussion 
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of the structure and the components of the model elaborated with STELLA (ISEE systems, 2011) 
in this manuscript refer to the previous manuscript, Bishinga and Goldsmith (2012).  
The stylized model of a reproductive swine value chain contains three different stages: 
genetic nucleus, multiplier and commercial herd (Figure 2.2). The model includes five genetic 
nucleus lines that supply replacement animals for the multiplier. Four sows from the same line 
(Line 1) supply replacement gilts while four sows from four lines (Lines A, B, C and D) supply 
boars to boar studs. The multiplier mates Line 1 with one of the "lettered" lines and progeny 
move to the commercial herd. Subsequently, the commercial herd mates crossbred replacement 
gilts with boars from "lettered" lines. The model produces 12 different types of marketing hogs.  
Genetic improvement only occurs at the genetic nucleus stage and managers at the 
multiplier and commercial herd stages base their breeding decisions on expected performance 
values given by the upstream stages. Calculation of expected performance value uses aggregated 
data from each stage without differentiation with respect to environments. Expected performance 
values, which are Number born alive (NBA), litter birth weight (LBW), days to 250 lbs. (DAYS) 
and backfat (BACK), compose the key performance traits that the model evaluates and records 
along the simulation. Performance for each line is randomly drawn from a triangular distribution 
(Table 2.1). 
Those four performance traits as well as phenotypical expression between each stage 
represent the stochastic variables. Between each stage, phenotypical expression affects progeny’s 
performance, but the phenotypical expression effects are greater between the genetic nucleus and 
multiplier stages because presence of a more homogeneous environment is assumed. It allows 
breeding stock and offspring to more fully express their genetic potential between the genetic 
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nucleus and multiplier stages. Phenotypical expression values are randomly drawn from a 
triangular distribution and are parameterized using the scientific literature. The model generates 
performance indexes helping managers combine traits and assess animals' overall performance 
(Table 2.2). Finally, the model allows the estimation of relative genetic improvement across time 
and across the value chain. Model parameters can be found in Table 2.3. Model validation does 
not occur here but can be found in Bishinga and Goldsmith (2012).  
To study the specified scenarios, this research uses a simplified version of the model, 
which uses only three lines mentioned in the previous paper. In this case, the model uses six 
sows at the genetic nucleus stage (two from Line 1, two from Line B and two from Line D), two 
sows at the multiplier herd stage (Line 1), four sows at the commercial herd stage (Line 1B), two 
boars for the multiplier boar stud (Line B) and two boars for the multiplier boar stud (Line D). 
Each sow stays at its stage for two litters and is then replaced. The baseline scenario runs for 
4,000 time units (days).  
The present model omits managerial feedback. Consequently, there is no genetic 
improvement due to decision-making. The goal is to understand the dynamics of information 
creation and information reception by the commercial herd stage. Along the swine reproductive 
value chain, there is an important time lag between decisions and evaluation of those same 
decisions. The research focuses on how much information is available at a specific time and how 
reliable this information is. 
Scenario 1: Physical Flows 
In Scenario 1, the commercial herd manager has four similar sows from the same 
crossbred line (Line 1B). They only differ within the stochastic range parameterizing the line. 
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The commercial manager then breeds the sows with one boar (Line D). Each sow at the 
commercial herd stage is assumed to be located in one of four different environments (Figure 
2.3). The four mating in the commercial herd employ the same boar and are treated with 
unknown GEI. The range of GEI differs from one environment to the other. Consequently, 
performance among sows is assumed to be different, even if they all come from the same mating. 
Scenario 2: Physical Flows 
An Integrating Downstream Example: The genetic nucleus company integrates 
downstream to the multiplier stage. By doing so, the firm gains access to more environments at 
the multiplier stage. The strategy is that the integrated firm receives more information about 
performance in specific different environments and is thus able to offer customers differentiated 
genetic products. In this scenario, the two sows at the multiplier stage represent two different 
environments. Sows in Proposition #1 did not reflect known GEI (Figure 2.4). The objective in 
Proposition #2 is to clarify GEI effects at the commercial herd stage by having the multiplier 
offer two sow lines that perform well in two different environments (Figure 2.5). Each sow at the 
multiplier stage supplies two commercial herds, which possess the exact same GEI. Thus, 
Scenario 2 reflects two different environments instead of four. It is assumed the aggregation 
process by the multiplier improves, so the commercial manager receives better information for 
comparison to the actual performance (Figure 2.6). 
An Integrating Upstream Example: The GEI effect occurs now between the multiplier 
and the commercial herd stages, reflecting the commercial herd’s integration upstream (Figure 
2.7). The commercial herd manages increases its investment in knowing more about genetic 
performance within its own environment. The commercial herd manager integrates upstream and 
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creates a more similar environment at the multiplier stage but still buys genetic material from the 
nucleus. Consequently, the material obtained from the genetic nucleus is produced under 
conditions differing from the integrated commercial/multiplier.  
For simplicity, the GEI is only negative and thus pushes down performance. The GEI 
effect is drawn from a uniform random distribution between 0 and 0.60 and represents the 
portion of the expected breeding value that is lost due to environmental effects. For parsimony, 
the model allows GEI to affect only DAYS and BACK. NBA and LBW have lower phenotypical 
expression parameters; thus, the addition of GEI could bring expected performance of NBA and 
LBW close to the lower bounds of performance. Additionally, NBA with GEI effects would have 
second-order effects on the DAYS and BACK data quantity, thus confounding the analysis of 
DAYS and BACK.  
The higher the value, the less the animals fully achieve their phenotypical expression. For 
example, with a 0.19 GEI effect on DAYS, a randomly attributed performance’s value of 170 for 
a specific mating becomes:  
ܦܣܻܵீாூ ൌ ൣሺܦܣܻܵ௡௢௥௠௔௟	௣௘௥௙௢௥௠௔௡௖௘ െ ܦܣܻ ௟ܵ௢௪௘௥	௕௢௨௡ௗሻ ∗ ܩܧܫ൧ ൅	ܦܣܻ ௟ܵ௢௪௘௥	௕௢௨௡ௗ 
ܦܣܻܵீாூ ൌ ሾ170.00 െ 185.00ሻ ∗ 0.19ሿ ൅ 	185.00 
ܦܣܻܵீாூ ൌ 182.15 
The research focuses on the commercial herd stage perception of the information flow. In 
Scenario #1, managers have access to their own herd data (one sow) and to the aggregated 
information from the entire commercial herd stage or, in other words, from the four sows in the 
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four different environments. Consequently, along the simulation, a manager can receive two 
flows of information: Herd data (one sow) and Aggregation data (four sows).  
In Scenario #2, managers have access to their own herd data, to the full aggregated 
information from the whole commercial herd stage and, moreover, to the aggregated information 
from the herds' group within the same environment. Consequently, along the simulation, a 
manager can receive three flows of information: Herd data (one sow), Aggregation data (four 
sows) and Environment Group data (two sows).  
The analysis is based on information quantity and quality. The information flow 
represents the performance results at the commercial herd stage, aggregated or disaggregated, 
obtained by all the previous mating prior to time t. The General Index reflects a combination of 
performance results integrating the four variables of interest: NBA, LBW, DAYS and BACK. 
NBA and LBW performance information becomes available when the commercial herd sows 
farrow and DAYS and BACK information become available when marketing hogs are 
slaughtered.  
Information Quality: Scenarios 1 and 2 
The information quality refers to the relevancy of information for a specific mating. 
Relevancy is defined by comparing current average performance for a specific herd and the 
current average of aggregated performances from multiple herds. The General Index average of 
the whole commercial herd stage represents the expected value for one specific herd’s General 
Index within the whole commercial herd stage. For example, the closer a specific herd’s General 
Index average is to the General Index average of the whole commercial herd stage or the 
environment group, the more relevant this commercial herd stage or environmental average is to 
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the specific individual herd. However, aggregating herd performance across differing 
environments, for example, is less relevant and thus is of poorer quality. Consequently, 
information quality represents the confidence a commercial manager can have when presented 
with an expected performance based on aggregated data prior to making a breeding decision. 
Information quality can be measured over an entire stage, such as at the commercial level or in 
an environment group. The equations in order of information quality are as follows: 
ܳݑ݈ܽ݅ݐݕ௧௜ ൌ 	 ቤቆ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒
ሺ∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟೓ሻ	∗	ೕ 	భ಻
ቇ െ 1ቤ               (4) 
where ݅	 ∈ 	 ሼ1…4ሽ represents the identity of the commercial herd evaluated for the quality ratio 
(numerator). 
݆ ∈ 	 ሼ1…4ሽ represents the identity of the commercial herds from which the commercial herd that 
is being evaluated is compared to (denominator). 
ܬ	 ∈ 	 ሼ1…4ሽ represents the number of commercial herds included in the denominator of the 
quality ratio. 
ݐ	 ∈ 	 ሼ1… 	4,000ሽ represents the number of days of simulation. 
݃	 ∈ 	 ሼ1…4ሽ represents the identity of the environment for the commercial herd being evaluated.  
݄	 ∈ 	 ሼ1…4ሽ represents the identity of the environment from which the commercial herd being 
evaluated is compared to (denominator).  
ܳݑ݈ܽ݅ݐݕ	݈ܵ݅݃݊ܽ௧௜,௚ 	ൌ 	1												݂݅	ܳݑ݈ܽ݅ݐݕ௧௜,௚ ൏ 	0.02													݈݁ݏ݁	0           (5) 
ܳݑ݈ܽ݅ݐݕ	ݎܽݐ݅݋௧௜,௚ ൌ 	 ∑ ሺொ௨௔௟௜௧௬	ௌ௜௚௡௔௟೟
೔,೒రబబబ೟సభ ሻ
ସ,଴଴଴                (6) 
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As segmentation of data increases, the quality of information rises, ceteris paribus. Thus 
data become more reliable and predictive when segmented by environment. The model produces 
five ratios for measuring information quality under differing information environments: 
1) The Aggregation Quality Ratio;  
2) The Herd Quality Ratio A; 
3) The Herd Quality Ratio B; 
4) The Environment Quality Ratio; 
5) The Herd Environment Quality Ratio. 
The Aggregation Quality Ratio only appears in Scenario 1 and includes the four commercial 
herds. Four environments are considered. 
ܣ݃݃ݎ݁݃ܽݐ݅݋݊	ܳݑ݈ܽ݅ݐݕ	ܴܽݐ݅݋	 → ܳݑ݈ܽ݅ݐݕ௧௜,௚ ൌ 	 ቤቆ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒
ቀ∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫	೟రೕ,೓ ቁ	∗	భర
ቇ െ 1ቤ  
The Herd Quality Ratio A only appears in Scenario 2 and includes three commercial herds: the 
commercial herd evaluated within Environment #1 (g) and two herds within Environment #2 (h).  
ܪ݁ݎ݀	ܳݑ݈ܽ݅ݐݕ	ܴܽݐ݅݋	ܣ	 → ܳݑ݈ܽ݅ݐݕ௧௜,௚ ൌ 	 ቤቆ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒
൫∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟೓ೕ ൯	∗	భమ
ቇ െ 1ቤ  
The Herd Quality Ratio B only appears in Scenario 2 and includes the four commercial herds in 
Environment #1 and Environment #2. 
ܪ݁ݎ݀	ܳݑ݈ܽ݅ݐݕ	ܴܽݐ݅݋	ܤ	 → ܳݑ݈ܽ݅ݐݕ௧௜,௚ ൌ 	 ቤቆ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒
ሺ∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫	೟ሻ	∗	భరరೕ,೓
ቇ െ 1ቤ  
75 
 
The Environment Quality Ratio only appears in Scenario 2 and includes the four commercial 
herds in Environment #1 and Environment #2, but in contrast to the Herd Quality Ratio B, two 
commercial herds from the same environment represent the commercial herd being evaluated (i).  
ܧ݊ݒ݅ݎ݋݊݉݁݊ݐ	ܳݑ݈ܽ݅ݐݕ	ܴܽݐ݅݋	 → ܳݑ݈ܽ݅ݐݕ௧௜,௚ ൌ 	 ቤቆ ∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೒೔
ቀ∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫	೟రೕ,೓ ቁ	∗	భర
ቇ െ 1ቤ  
The Herd Environment Quality Ratio only appears in Scenario 2 and includes two commercial 
herds in the same environment. 
ܪ݁ݎ݀	ܧ݊ݒ݅ݎ݋݊݉݁݊ݐ	ܳݑ݈ܽ݅ݐݕ	ܴܽݐ݅݋	 → ܳݑ݈ܽ݅ݐݕ௧௜,௚ ൌ 	 ቤቆ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒
൫∑ ீ௘௡௘௥௔௟	ூ௡ௗ௘௫	೟ೕ,೓ ൯	∗	భమ
ቇ െ 1ቤ  
When g is the same Environment as h. 
Weak Hypotheses 
The threshold value for “high quality” arbitrarily occurs when the quality ratio falls 
below 2%.  
The Aggregation Quality Ratio is assumed to provide the poorest quality of information 
to the commercial producer because there is no acknowledgement of environmental effects 
(Figure 2.8). Smaller herds would be more adversely affected here, ceteris paribus, because their 
performance comprises a much smaller percentage of the overall average. Scenario two 
acknowledges two different environments. Two herds pertain to each environment.  
Herd Quality Ratio A is hypothesized to present the second poorest level of information 
quality because the manager would be comparing herd performance that may be unrealistic to 
herds in another environment. Environmental effects are reduced by half, but still the herd is 
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compared to herds in other environments (non-peers). This becomes relevant if the herd is an 
outlier because comparing it to non-peers will be marginally worse in terms of the quality of 
information.  
Herd Quality Ratio B is hypothesized to present a mid-level quality of information 
because the manager compares the herd to the average of two environmental averages, instead of 
four. This would occur when, for example, the nucleus herd integrates into the multiplier stage 
and offers the four herds two choices, which reflect the two environments within which the herds 
operate. But there is no differentiation in terms of information source, so the nucleus/multiplier 
aggregates across all four herds because there is no information feedback. Therefore, the 
commercial herd does not get the expected genetic performance information that is specific to its 
environment.  
The Environment Quality Ratio provides an improved information product to the 
commercial herd because the nucleus/multiplier aggregates information at the environmental 
level, not the herd level. This ratio compares one environment to the average of the two 
environments. This, however, is not ideal, as the commercial herd managers ultimately require 
expected genetic performance information be collected and compared within their specific 
environment. This becomes unrealistic for the nucleus/multiplier if, for example, each 
commercial herd reflects a unique environment.  
Finally, it is hypothesized that the Herd Environment Quality Ratio will yield the highest 
quality of information because it employs only own-environment estimates of expected 
performance. This situation would occur in a full integration environment where line 
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development, multiplication and commercial production would reflect one environment, such as 
the case with Smithfield Genetics.  
Information Quantity: Scenarios 1 and 2 
The information quantity is linked to the volume of data available. The calculation of 
the General Index sustains less variability or converges to its expected value as data are 
generated over time. Convergence is measured by the absolute daily change in the General 
Index. This is relevant because increasing (decreasing) the number of environments, ceteris 
paribus, will reduce (increase) the volume of data per environment and thus slow (speed) 
convergence and slow (speed) the understanding by managers of the true performance of a line. 
The convergence ratio is calculated as:  
ܥ݋݊ݒ݁ݎ݃݁݊ܿ݁	ܴܽݐ݅݋௧௜,௚ ൌ 	 ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒ିீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒ 	
ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒
             (7) 
where ݅	 ∈ 	 ሼ1…4ሽ represents the commercial herd(s) being evaluated for the quality ratio. 
ݐ	 ∈ 	 ሼ1… 	4,000ሽ represents the number of days of simulation. 
݃	 ∈ 	 ሼ1…4ሽ represents the identity of the environment for the commercial herd(s) being 
evaluated.  
The model produces four ratios for measuring information quantity under the differing 
information environments: 
1) The Aggregation Convergence Ratio 1; 
2) The Aggregation Convergence Ratio 2; 
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3) The Environment Group Convergence Ratio; 
4) The Herd Convergence Ratio. 
The Aggregation Convergence Ratio 1 only appears in Scenario 1 and includes the four 
commercial herds. Four environments are considered. 
ܣ݃݃ݎ݁݃ܽݐ݅݋݊	ܥ݋݊ݒ݁ݎ݃݁݊ܿ݁	ܴܽݐ݅݋	1௧௜,௚ ൌ 	 ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒ି	ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒ 	
ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒
  
when total number of i included = 4 and total number of g included = 4. 
The Aggregation Convergence Ratio 2 only appears in Scenario 2 and includes the four 
commercial herds in Environment #1 and Environment #2. 
ܣ݃݃ݎ݁݃ܽݐ݅݋݊	ܥ݋݊ݒ݁ݎ݃݁݊ܿ݁	ܴܽݐ݅݋	2௧௜,௚ ൌ 	 ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒ି	ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒ 	
ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒
  
when total number of i included = 4 and total number of g included = 2. 
The Environment Group Convergence Ratio only appears in Scenario 2 and includes two 
commercial herds in the same environment. 
ܧ݊ݒ݅ݎ݋݊݉݁݊ݐ݈ܽ	ܩݎ݋ݑ݌	ܥ݋݊ݒ݁ݎ݃݁݊ܿ݁	ܴܽݐ݅݋௧௜,௚ ൌ 	 ܩ݁݊݁ݎ݈ܽ	ܫ݊݀݁ݔ݅ݐ
,݃െ	ܩ݁݊݁ݎ݈ܽ	ܫ݊݀݁ݔݐെ1݅,݃ 	
ܩ݁݊݁ݎ݈ܽ	ܫ݊݀݁ݔݐെ1݅,݃
  
when total number of i included = 2 and total number of g included = 1. 
The Herd Convergence Ratio appears in Scenarios 1 and 2 and only includes one commercial 
herd. 
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ܪ݁ݎ݀	ܥ݋݊ݒ݁ݎ݃݁݊ܿ݁	ܴܽݐ݅݋௧௜,௚ ൌ 	 ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟
೔,೒ି	ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒ 	
ீ௘௡௘௥௔௟	ூ௡ௗ௘௫೟షభ೔,೒
   
when total number of i included = 1 and total number of g included = 1. 
Weak Hypotheses 
This research proposes that putting more data into the calculation of the average leads to 
higher information quantity, which is reflected by faster convergence. It is assumed convergence 
occurs when the variance of expected performance remains below 1%.  
The highest information quantity is hypothesized to occur with the Aggregation 
Convergence Ratio 2 where there are only two environments, but aggregation occurs across all 
four herds (Figure 2.9). The effect on the source of variability is critical, and in Scenario Two it 
is reduced by half.  
The Aggregation Convergence Ratio 1 involves four herds and four environments. Data 
are plentiful, which speeds convergence. At the same time data vary across four environments, 
which, ceteris paribus, will slow convergence. This situation would occur when nucleus or 
multiplier herds do not take commercial herd environments into account and aggregate data by 
line with no regard to environment. Of course, the cost of minimizing GEI falls as environments 
become more homogenous. 
Management of data by environment groups improves the quality of information 
communicated downstream to commercial herds but reduces the number of observations. It is 
hypothesized the Environment Group Convergence Ratio that aggregates data at the 
environmental group level will converge more slowly than the Aggregation Convergence Ratio.  
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Finally, it is hypothesized the Herd Convergence Ratio will converge most slowly 
because data are managed at the herd level, which significantly reduces the number of 
observations.  
New model parameters for the second scenario include: (i) the separation of one 
multiplier line into two different environments (Line1BEnvironment#1; Line1BEnvironment#2), and (ii) 
the differentiation of GEI effect according to the multiplier line’s environments. This research 
compares the quality of information (level of variability in the results) and the quantity of 
information available (the speed of convergence to expected performance) when: 1) aggregating 
data from both environments and 2) when not aggregating data from both environments. 
Convergence will more rapidly occur with aggregation but information quality will suffer. In this 
scenario, the commercial herd manager looking up the value chain would benefit from a 
differentiated offer, but there would be fewer observations; therefore, predictability (quality) 
would suffer. Consequently, disaggregation of information, while being the more representative 
model of expected performance in a specific environment, converges less rapidly to the real 
value of performance in the commercial herd environment.  
 
2.6 Results 
Each scenario contains four analytical sections: the information flow section describing 
the mechanics of the scenario as well as the timeline of information creation at the commercial 
herd stage; the information quality section looking at the variability from the average; the 
information quantity section looking at the convergence ratio; and a final analytical section.  
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SCENARIO 1 
Information Flow 
The four sows represent four different environments or herds. The effect of GEI for each 
environment is initially unknown. Information about performance is aggregated at the 
commercial herd stage. Assume that the first nucleus sow is bred at time = 1. Four commercial 
herds would start breeding around t = 800. The commercial herd would have average 
performance information on the crossbred line 1B for breeding purposes. There would be no 
commercial progeny information at the time of breeding (Figure 2.10). For example, the 
commercial firms purchase line 1B, which are sold by the multiplier with a General Index of 
101.00 (Figure 2.10, point A). But they do not know how the line will perform in their particular 
environment. The four sows possess the same initial expectations based on the performance at 
Point A. The same information setting would preside over the commercial herd’s second 
breeding as well because the commercial herd still would have no progeny at maturity. By day 
1,200, there is commercial progeny performance information on BACK and DAYS, which better 
informs the commercial breeders. The Full Aggregation General Index result across the four 
harsh environments is 87.00 (Figure 2.10, Point B). 
Each mating at the commercial herd stage occurs in one of four different environments, 
which will reflect different GEIs (Figures 2.11, 2.12, 2.13 and 2.14). Animals from commercial 
herds in Environment #4, for example, will respond relatively poorly and average a General 
performance Index of 83.39 at t = 4,000 (Figure 2.14, point A), due to high GEI effects in both 
DAYS and BACK (Table 2.4). On the other hand, another commercial herd with the same 
genetics will average 91.29 (Figure 2.13, point A).  
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Information Quality 
When commercial herds’ environments differ, the information coming from the 
aggregation of data as presented by the multiplier poorly represents the performance in each herd 
(Figures 2.15, 2.16, 2.17 and 2.18). The manager of the commercial herd in Environment #1, for 
example, initially sees its performance as superior to the expected value presented by the 
multiplier. But in actuality, the multiplier’s animals perform poorly in Environment #1 for much 
of the simulated period. Of course, this realization occurs over time, so many erroneous prior 
decisions have already taken place. Animals from the commercial herd in Environment #4 only 
achieve the quality threshold of less than or equal to 2% difference at t = 1,639 and between t = 
2,356 and t = 2,502; thus, actual performance differs from expectations (Figure 2.18). At t = 
4,000, only the animals from commercial herds in Environment#1 and Environment #2 conform 
to the aggregated average by less than 2% (Figures 2.15 and 2.16). Thus animals from the 
commercial herds in Environments 1 and 2 are closer to the average than those in 3 and 4 
(Figures 2.17 and 2.18).  
Multiple simulations show the expected value for Herd Quality Ratio in Scenario 1 is 
approximately 23% (Table 2.5). Based on ten simulations across four herds, 10% of the time the 
manager of a specific herd saw the herds’ performance vary more than 2% from the group (four 
herd) average.  
Information Quantity 
The pattern of convergence also becomes important when analyzing the effects of 
differing environments on information quality. The variance of data is lower and converges more 
quickly to expected performance when aggregating information across environments. Managers 
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benefit from fast convergence because there is greater information stability. Based on ten 
simulations, the average Aggregation Convergence Ratio is 1,591 days (Table 2.6). But when 
looking at an individual herd, the Herd Convergence Ratio can be quite high. For example, the 
Herd Convergence ratio for the commercial herd in Environment #3 is 2,927 days. Thus, the 
information quantity between the aggregated and disaggregated data substantially differs.  
Aggregation of data across environments increases the quantity of data produced but not 
necessarily the quality; this presents a problem for the manager. Aggregating larger numbers of 
mating and progeny across environments significantly advances convergence to the point at 
which expected performance is realized, but meanwhile the quality would be low. For example, 
the commercial herds in Run 8 would see convergence around t = 1,600 in the model because the 
data are aggregated across four environments, but the quality ratio would be 8.1% for 
commercial herd in Environment #1, 2.1% for commercial herd in Environment #2, 4.8% for 
commercial herd in Environment #3, and 3.2% for commercial herd in Environment #4.  
Analysis 
The conflict between data quality and quantity affects the commercial herd managers’ 
decision-making as to what they know when. Aggregated data would allow for greater surety at 
earlier times, but the quality would be lacking. So is earlier poor quality data better than later 
higher quality data? More importantly, if the effects of GEI are large, then the challenge for the 
commercial herd manager is: how to access performance data earlier in the breeding process? Or, 
conversely, would the nucleus herd benefit from operating in multiple environments? This is the 
subject of Scenario #2.  
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SCENARIO 2 
Information Flow 
In this scenario the four sows stay in two different environments (Environment 1 and 
Environment 2). The effect of GEI for each environment is initially unknown. Information for 
performance is aggregated on three levels: on the commercial herd level (four sows), on the 
Environment 1 level (2 sows) and on the Environment 2 level (two sows).  
Assume that the first nucleus sow is bred at time = 1. The four commercial herds would 
start breeding at around t = 800. They have access to average performance information on the 
crossbred line 1B, and there is no commercial progeny information (Figures 2.19 and 2.20). The 
firms would see that line 1B seems to average a General Index of 98.00 (Figure 2.19, point A). 
But they do not know how the line will perform in their particular environment. The four herds 
possess the same expected performance based on line 1B General Index at the multiplier stage. 
The same information setting would preside over the commercial herd’s second breeding as well. 
By day 1,100, there is commercial progeny performance information on BACK and DAYS, 
which better informs the commercial breeders. At the same time, information is aggregated in 
two groups. At t = 1,200, the average General Index for the crossbred 1BxD in Environment #1 
is 90.00 (Figure 2.20, point A) and the average General Index for the crossbred 1BxD in 
Environment #2 is 83.00 (Figure 2.20, point B). But two mating are affected by a similar GEI 
while two others have a different GEI (Table 2.7). The manager of one commercial herd 
understands the average General Index for the mating 1BxD in Environment #1 at t = 4,000 days 
to be 88.22 and the average General Index for the mating 1BxD in Environment #2 to be 
approximately 82.59.  
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Information Quality 
The information coming from the aggregation of data in all herds poorly represents the 
performance in each herd, even in Scenario 2, when the number of environments is reduced from 
four to two (Table 2.8). Multiple simulations show the expected value for Herd Quality Ratio B 
in Scenario 2 only rises from 23%, which was seen in Scenario 1, to 28%. Based on ten 
simulations, the manager of a specific herd sees the animals respond poorly to the expected 
average seven times, realizing zero days with a positive Quality Signal. Consequently, the 
commercial herd still has low quality of data when aggregating data from the four commercial 
herds, even if they operate more homogeneously. There is still too much heterogeneity across the 
commercial herd stage. 
Assume now a commercial herd that operates as an outlier by incorporating new 
technology and methods but still employs the same line. When that herd compares itself to 
multiple commercial herds producing in different environments, the GEI differences will be 
large (Table 2.9). Multiple simulations show the expected value for Herd Quality Ratio A in 
Scenario 2 falls below that of Scenario A to approximately 17%. Based on ten simulations, the 
manager of a specific herd sees the animals respond poorly to the expected average fifteen times, 
realizing zero days with a positive Quality Signal. 
Herds achieve a better quality ratio when environment is accounted for. For example, two 
herds producing under the same environment can combine their data and can be compared with 
the aggregated average. This allows for a comparison across environments. For example, based 
on ten simulations, the Environment Quality Ratio shows extreme values (Table 2.10). Multiple 
simulations show how the expected value for Environment Quality Ratio in Scenario 2 rises 
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above Scenario 1 to 34%. However, the four simulations display weak Environment Quality 
Ratio. In these cases, the four herds tend to perform differently from each other. The implication 
of a low Environment Quality Ratio is that when a manager sees an individual herd fall below 
the divergence from the average the result is due to the GEI, not genetics.  
Finally, the Herd Environment Quality Ratio achieves better success in terms of 
information quality. The results of one simulation show the Herd Environment Quality Ratio for 
both herds in Environment #2 stay below 2% starting at t = 1,900 until the end of the simulation 
(Figure 2.21). Herds in Environment #1 achieve a less significant Herd Environment Quality 
Ratio but are still below 4% from t = 0 to t = 4,000.  
Multiple simulations show the expected value for Herd Environment Quality Ratio in 
Scenario 2 is approximately 39.7% (Table 2.11). Based on ten simulations, the manager of a 
specific herd always sees at least one day below 2%. Although there was one herd that never saw 
the quality ratio fall below 7.5%, overall herd performance significantly deviated from expected 
performance.  
Information Quantity 
The speed of the Aggregation Convergence Ratio 2 tends to be faster than the 
Aggregation Convergence Ratio 1 because Scenario 1 involves four environments instead of 
two. Consequently, data sustain higher variance.  
Multiple simulations show the Herd Convergence Ratio converges below 1% of absolute 
daily change in the General Index at t = 3,132 while Environmental Convergence Ratio for 
Environment #1 converges at t = 1,887 (Table 2.12). More specifically, convergence is even 
faster when a manager focuses just on the herd’s own environmental data as reflected in the 
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Environmental Convergence Ratio for Environment #2, which converges at t = 1,856. Based on 
ten simulations, no Herd Convergence Ratio for a specific herd converges below 1% of absolute 
daily change in the General Index before t = 2,182. The Environment Convergence Ratio, which 
takes into account the environment, has a minimum value of t = 1,602. On the other hand, the 
Aggregation Convergence Ratio 2, which takes into account the environment, achieves the best 
results. Convergence occurs at t = 1,456, with a minimum number of days at t = 1,210.   
Differentiation of data across environments increases the quality of data produced but not 
necessarily the quantity. Aggregating larger numbers of mating and progeny across environments 
significantly advances convergence. When environments are differentiated, available data is 
reduced. Thus, speed of convergence is affected, and the manager knows the true performance of 
the herd later. The pattern of convergence plays a critical role when breeding decisions have to 
been made; it is a key signal of how confident the manager can be about the genetics bought.  
Analysis 
In sum, the genetic nucleus stage allows the commercial herd manager to increase the 
level of information quantity and quality before selecting the appropriated replacement gilt for 
the specific environment. First, differentiating the data in two environments helps commercial 
herd managers to have access to a higher quality of data when looking at the Herd Environment 
Quality Ratio rather than looking to Herd Quality Ratio B, which contains all environments. 
Additionally, there is a significant advantage for commercial herd managers to not only rely on 
data collected exclusively in their herds. The Aggregation Convergence Ratio 2 converges faster 
than Herd Convergence Ratio. 
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Unfortunately, the commercial herd managers still need to "test" the genetics in their 
environment before confidently selecting a particular mating. The issue for Scenario 2 resides in 
the ex-ante knowledge the genetic nucleus stage is able to get about variance of environments at 
the commercial herd stage. For example, the nucleus firm can acknowledge specific types of 
environments across the commercial herd stage. By selecting the most popular commercial 
systems, the genetic nucleus firm can be positioned to differentiate its product for specific groups 
of commercial customers even if there is no partnership between them. Nevertheless, this paper 
allows for feedback between the genetic nucleus and the commercial herd stages in terms of 
commercial herd environmental conditions. Commercial herd environmental conditions may be a 
source of competitive advantage; thus there may be weak incentives to share such information. 
Hence there is a conundrum for both nucleus and commercial managers. There persists poor 
quality information flow, which results in suboptimal performance data about genetic material 
moving down the value chain when environmental information is of strategic importance. As a 
result of this conundrum, the commercial herd may benefit from moving its operation upstream 
in the multiplier environment, which is another alternative in Scenario 2. This different option is 
unfortunately not covered in this paper since it is unknown how practitioners behave differently 
when integrating downstream or upstream.  
 
2.7 Scenario 1 and 2: Weak Hypotheses Results 
Quality Ratio 
It was previously stated for Quality Ratio (QR): 
Herd Environment QR > Environmental QR > Herd QR B > Herd QR A > Aggregation QR 
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The weak hypotheses are generally confirmed. When animals’ performance is fully 
aggregated, it appears difficult for an individual line to follow the average. The numbers of days 
below 2% for the Aggregation Quality Ratio is lower than most of the other quality ratios (Table 
2.13). Herd Quality Ratio B and Environment Quality Ratio are assumed to achieve better 
success than the Aggregation Quality Ratio. Finally, Herd Environment Quality Ratio is the best 
metric with an average of 39.7% of the total days with a quality ratio under 2%.  
However, the impact of comparing a herd in a specific environment with an average 
created with herds in a different environment (Herd Quality Ratio A) was underestimated. Thus, 
the results are reordered as follows: 
Herd Environment QR > Environmental QR > Herd QR B > Aggregation QR > Herd QR A 
The reordering is due to the fact that though there are fewer environments, the 
comparison is with herds in a completely different environment. A herd and all of its 
environmental peers are always included in the aggregated average, so the average in part 
reflects the herd’s environment. The Herd QR A explores the management situation when the 
herd comparison occurs with a totally different multiplication environment, for instance when it 
occurs across international borders. The data from the specific herd evaluated are not in the 
group average, and the environments implied in the group average may differ from the herd 
being evaluated. The quality or reliability of the expected performance would then be low.  
Convergence Ratio 
It was previously stated for Convergence Ratio (CR): 
Aggregation CR 2 > Aggregation CR 1 > Environmental Group CR > Herd CR 
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The weak hypotheses holds, but the speed improvement of convergence for four herds 
from four environments with the convergence of four herds from two environments was lower 
than expectations. Interestingly, though expected, the convergence of a herd’s performance was 
significantly lower than the other convergence ratios. Thus, the results become:  
Aggregation CR 2	≅ Aggregation CR 1 > Environmental Group CR ≫ Herd CR 
When animals’ performance is fully aggregated, speed of convergence is higher. In a 
related point to information quantity, this metric is correlated to the number of data available for 
average calculation. More data allows the average to be less influenced by high or low outliers. 
Aggregation Convergence Ratio 1 and Aggregation Convergence Ratio 2 achieve the fastest 
convergence. Environment Convergence Ratio achieves faster convergence than Herd 
Convergence Ratio.  
In sum, for both scenarios, information quantity significantly increases if data are 
aggregated (fully or by environment) in comparison to the individual average. The convergence 
when aggregated by environment is still close to the convergence when the average is fully 
aggregated. On the other hand, information quality increases when the herd being evaluated is 
compared to averages of herds in similar environments. The quality ratio also improves when 
calculation focuses on a specific environment. 
In sum, this model explores a relatively small change from four environments to two. 
Managing data by environments clearly improves information quality. By imagining many 
different environments, the model clearly highlights the dimensions of the problem for both 
commercial herds receiving reliable information and genetic supplying herds providing robust 
information. Conversely, there is an information economy when homogenizing swine 
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management practices, for example by the use of a common corn-soy diet. The information 
quality losses from not integrating stages become lower.  
 
2.8 Conclusion 
The model contains and evaluates the phenotypical expression of four specific 
performance traits that are critical components of the swine reproductive value chain. The model 
evaluates these key traits in terms of the herd population dynamics and information quantity and 
quality available to reproductive managers. The model illustrates the difficulty in identifying true 
performance at each stage and across time. This paper highlights a particular issue linked to the 
difficulty identifying true performance at each stage and across time. This issue is increased 
when we recognize the difference of environments across the swine reproductive value chain, as 
well as its effects on animals. This paper proposes two alternatives to control for GEI and to 
reduce its effects on the value chain efficiency.  
It was hypothesized that a large genetic company may fulfill the multiplication functions 
and integrates downstream. The addition of environments would allow the genetic nucleus to 
offer a larger line of animals, differentiated by the environment they grew in. Commercial 
producers within one specific environment would be able to use more reliable information from 
the genetic nucleus by linking the environment of the genetics they want to buy to their 
environment.  
This paper also hypothesized that a large commercial herd may have the scale to integrate 
upstream to develop their own proprietary lines. Progeny testing would occur within one 
environment, and performance data would be sufficiently abundant to be reliable. Those data 
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would all be internalized within the commercial firm rather than upstream with the genetics 
company.  
Historically, nucleus herds provide foundation genetics for the swine industry, much like 
the corn seed industry serves farmers. But seed technology in the bag performs the same way in 
the field. Conversations with commercial swine producers indicate that this is not analogous to 
the swine industry, in which the environmental effects appear to be much stronger. Commercial 
producers’ frustration with the significant environmental effects that seem to dominate the 
genetics they buy may have more to do with the structure of the industry, which creates a large 
performance gap between animals at the genetic nucleus and the commercial herd stages. 
Understanding and controlling for genotype x environment interaction, the objective of this 
manuscript, is a critical step to achieve success downstream. 
All models contain limitations. Three important missing areas impact the analysis of the 
reproductive value chain for the information quantity and quality. First, the model includes one 
sow per specific mating. This is not realistic since artificial insemination can be achieved on 
numerous sows producing large quantities of progeny from the same line. The large volume of 
offspring, then, provides statistically relevant and faster feedback guiding subsequent breeding 
decisions. 
Second, the model omits financial and economic parameters that drive managers' 
decision processes. Clearly, economic factors such as costs and the value of traits drive decision 
making all along the value chain. This model implicitly assumes the values of key genetic 
variables are the same for all actors. For example, unique dollar values for each trait could be 
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linked to the various actors in the model if such values were known, thus creating revenue 
functions.  
Third, in real life, managerial decisions at the commercial herd stage involve an active 
feedback process. Performance information, such as DAYS, will affect the commercial herd 
manager’s subsequent genetic selection decisions. For example, instead of continuously selecting 
the same line, as occurs in this model, the manager could decide to switch the boar line or 
replacement gilt.   
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CHAPTER 2 FIGURES 
 
Figure 2.1. Interactions Between Selection Differential, Response to Selection and 
Heritability 
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Figure 2.2. Stylized Model of the Swine Reproductive Value Chain 
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Figure 2.3. Scenario 1: Stylized Physical Flows  
 
Images source: Lamberson and Cleveland (1991); kwest.net12; discoverwriting.com13  
   
                                                            
12 http://kwest.net/desk-top_publishing/graphics/animals/PIG-SOW.GIF  
13 http://www.discoverwriting.com/pig.gif 
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Figure 2.4. Scenario 2-Integrating Downstream: Relation between Multiplier Sows and 
Commercial Herd Environments without Genetic Nucleus Integration 
 
 
Images source: Lamberson and Cleveland (1991) 
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Figure 2.5. Scenario 2-Integrating Downstream: Relation between Multiplier Sows and 
Commercial Herd Environments with Genetic Nucleus Integration 
 
 
Images source: Lamberson and Cleveland (1991) 
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Figure 2.6. Scenario 2-Integrating Downstream: Stylized Physical Flows in the Base 
Model in Presence of GEI with Genetic Nucleus Integration into the Multiplier Stage 
 
Images source: Lamberson and Cleveland (1991); kwest.net1; discoverwriting.com2  
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Figure 2.7. Scenario 2-Integrating Upstream: Stylized Physical Flows in the Base Model 
in Presence of GEI with Commercial Herd Integration of the Multiplier Stage  
 
 
Images source: Lamberson and Cleveland (1991); kwest.net1; discoverwriting.com2  
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Figure 2.8. Types of data according to hypothetical performance in Quality Ratio 
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Figure 2.9. Types of data according to hypothetical performance in Convergence Ratio 
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Figure 2.10. Scenario 1: Aggregation General Index Over Time (One Example 
Simulation) 
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Figure 2.11. Scenario 1: General Index over Time for the Commercial Herd in 
Environment #1 in comparison to Average from Commercial Herd Stage (One Example 
Simulation) 
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Figure 2.12. Scenario 1: General Index over Time for the Commercial Herd in 
Environment #2 in comparison to Average from Commercial Herd Stage (One Example 
Simulation) 
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Figure 2.13. Scenario 1: General Index over Time for the Commercial Herd in 
Environment #3 in comparison to Average from Commercial Herd Stage (One Example 
Simulation) 
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Figure 2.14. Scenario 1: General Index over Time for the Commercial Herd in 
Environment #4 in comparison to Average from Commercial Herd Stage (One Example 
Simulation) 
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Figure 2.15. Scenario 1: Quality Value over Time for the Commercial Herd in 
Environment #1 (One Example Simulation) 
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Figure 2.16. Scenario 1: Quality Value over Time for the Commercial Herd in 
Environment #2 (One Example Simulation) 
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Figure 2.17. Scenario 1: Quality Value over Time for the Commercial Herd in 
Environment #3 (One Example Simulation) 
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Figure 2.18. Scenario 1: Quality Value over Time for the Commercial Herd in 
Environment #4 (One Example Simulation) 
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Figure 2.19. Scenario 2: First Actual Appearance of General Index Results at the 
Multiplier Stage. (One Example Simulation) 
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Figure 2.20. Scenario 2: Actual Appearance of General Index Results for the Commercial 
Herd at the Environment Level and a Comparison between the Aggregated 
Environment Average and the Individual Environment Result  (One Example 
Simulation) 
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Figure 2.21. Scenario 2: Herd Environment Quality Ratio over Time (One Example 
Simulation) 
 
 
   
0%
1%
2%
3%
4%
5%
6%
7%
8%
He
rd
 En
vi
ro
nm
en
t Q
ua
lit
y R
at
io
Days
Commercial Herds in Environment #1 Commerical Herds in Environment #2
115 
 
CHAPTER 2 TABLES 
 
Table 2.1. Traits' Expected Performance Value for Progeny of Sows at the Genetic 
Nucleus Stage 
Trait Line 1 Line B Line D 
Number Born Alive 10.00 10.00 8.42 
Litter Born Weight 
(average per piglet) 3.20 4.00 3.20 
Number of Days to 250 lbs. 170.00 171.00 170.00 
Backfat (inches) 0.80 0.83 0.64 
Index    
General Index (GI) 100 100 100 
Sow Productivity Index (SPI) 100 108 90 
Maternal Line Index (MLI) 100 101 95 
Terminal Sire Index (TSI) 100 98 105 
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Table 2.2. Key Calculated Performance Indexes 
Index Calculation 
Sow Productivity 
Index (SPI) 100 + 6.5*(NBA - NBAavg) + 1*(LBW - LBWavg) 
General Index 
(GI) 
100 + 6.6*(NBA - NBAavg) + 0.4*(LBW - LBWavg) - 1.6*(DAYS - 
DAYSavg) - 65*(BACK - BACKavg) 
Maternal Line 
Index (MLI) 
100 + 7.6*(NBA - NBAavg) + 0.5*(LBW - LBWavg) - 1.5*(DAYS - 
DAYSavg) - 45*(BACK - BACKavg) 
Terminal Sire 
Index (TSI) 
100 + 5.2*(NBA - NBAavg) + 0.3*(LBW - LBWavg) - 1.8*(DAYS - 
DAYSavg) - 80*(BACK - BACKavg) 
 
where 
NBAavg 10 
LBWavg 32 
DAYSavg 170 
BACKavg 0.80 
Sources: Krider et al., 1982; Whittermore and Kyriazakis (2006); NSR (2011) 
 
 
  
117 
 
Table 2.3. Variable Parameter Values for the Base Model 
Variables Where 
Parameters May Vary 
Distribution 
and Type Values/Range Source 
Gestation (Days) Random Integer {110…120} 
Whittermore and Kyriazakis (2006); 
Key, N. and McBride, W.D. (2007) 
Time to reach puberty Random Integer {245…305} 
Whittermore and Kyriazakis (2006); 
Key, N. and McBride, W.D. (2007) 
Collection Rate (boar 
semen) Fixed 1 per 5 days 
Whittermore and Kyriazakis (2006); 
CIPQ (2011) 
Piglets returning to 
breeding herd Fixed 0.0 
- 
Doses per ejaculate Fixed 25 Knox, R. (2001); Whittermore and Kyriazakis (2006) 
Conception rate (%) Fixed 85, 100 Knox, R. (2001); Safranski, T. (2008) 
Abortion rate (%) Fixed 0 - 
Mortality rate (%) Fixed 0 - 
Culling rate (sow) Fixed After 2 litters - 
Collections per boar at 
Multiplier boar stud Fixed 36 
Whittermore and Kyriazakis 
(2006);CIPQ (2011) 
Collections per boar at 
Commercial herd boar stud Fixed 36 
Whittermore and Kyriazakis (2006); 
CIPQ (2011) 
Heterosis effect Fixed 0 - 
Correlation between traits Fixed 0 - 
Parity effect on 
performance 
Fixed 0 
- 
Sex ratio (% female) Random Integer {45…55} 
- 
Number born alive Stochastic & Integer {8…14} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Litter birth weight 
(average/piglet) 
Stochastic & 
Real {2.75…5.5} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Days to 250 lbs. Stochastic & Real {155…185} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Back fat (inches) Stochastic & Real {0.50…1.00} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
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Table 2.4. Scenario 1: Final (t = 4,000) General Index and Specific GEI Effects on 
DAYS and BACK for the Four Commercial Herds (One simulation) 
 Commercial Herd 
in Environment 
#1 
Commercial Herd 
in Environment 
#2 
Commercial Herd 
in Environment 
#3 
Commercial Herd 
in Environment 
#4 
GEI effect on DAYS 0.49 0.15 0.14 0.55
GEI effect on BACK 0.24 0.60 0.29 0.46
General Index 85.36 84.80 91.29 83.39
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Table 2.5. Scenario 1: Aggregation Quality Ratio, Percentage of Total Days Under 2%, 
for the Four Commercial Herds  
Results per 
Run 1 2 3 4 5 6 7 8 9 10 
Average per 
Commercial 
Herd
Commercial 
Herd in 
Environment 
#1 
0.0% 0.1% 31.6% 5.7% 0.9% 54.0% 58.4% 1.0% 10.0% 33.4% 19.5% 
Commercial 
Herd in 
Environment 
#2 
10.5% 46.8% 4.2% 0.0% 4.8% 54.9% 40.9% 37.8% 46.9% 29.3% 27.6% 
Commercial 
Herd in 
Environment 
#3 
0.2% 0.0% 65.5% 0.0% 4.7% 36.0% 25.9% 32.4% 1.7% 27.7% 19.4% 
Commercial 
Herd in 
Environment 
#4 
0.0% 56.7% 12.5% 0.1% 0.1% 11.6% 27.9% 57.4% 51.6% 44.5% 26.2% 
Average           23.2% 
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Table 2.6. Scenario 1: Number of Days before Convergence (1%) for the Four 
Commercial Herds  
Results per 
Run 1 2 3 4 5 6 7 8 9 10 
Average 
per run 
Aggregation 
Convergence 
Ratio 1 
1781 1942 1353 1886 1334 1337 1344 1627 1655 1655 1591
Commercial 
Herd in 
Environment #1 2798 3091 2933 2604 2046 3221 3800 2498 3247 2808 2904
Commercial 
Herd in 
Environment #2 3069 2954 2656 3478 3055 3486 3361 3088 3975 3113 3223
Commercial 
Herd in 
Environment #3 2286 3075 3502 3423 1622 3808 2422 2814 2904 3415 2927
Commercial 
Herd in 
Environment #4 3689 2934 2333 2697 2645 3518 3694 2381 3473 3415 3077
Herd 
Convergence 
Ratio 
2960 3013 2856 3050 2342 3508 3319 2695 3399 3187 3033
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Table 2.7. Scenario 2: Final General Index and the GEI Effects for DAYS and BACK 
for the Four Commercial Herds in Two Environments 
 Environment 
#1 
Environment 
#2 
GEI effect on DAYS 0.19 0.47
GEI effect on BACK 0.52 0.55
General Index 88.22 82.59
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Table 2.8. Scenario 2: Herd Quality Ratio B, Percentage of Total Days Under 2% for 
the Four Commercial Herds in Two Environments  
Results per Run 1 2 3 4 5 6 7 8 9 10 Average per run 
Commercial Herd 
#1 in 
Environment #1 
64.4% 8.2% 52.6% 22.8% 31.3% 7.2% 37.4% 0.2% 0.7% 19.6% 24.4% 
Commercial Herd 
#2 in 
Environment #1 
42.5% 0.9% 60.5% 46.6% 0.0% 16.4% 3.6% 7.8% 22.2% 56.8% 25.7% 
Commercial Herd 
i#1 n 
Environment #2 
33.0% 0.0% 0.0% 68.7% 66.5% 37.5% 58.3% 36.1% 44.8% 3.0% 34.8% 
Commercial Herd 
#2 in 
Environment #2 
41.4% 61.2% 0.0% 0.0% 0.0% 38.3% 50.2% 39.2% 28.2% 0.0% 25.8% 
Average 45.3% 17.6% 28.3% 34.5% 24.5% 24.8% 37.3% 20.8% 23.9% 19.9% 27.7% 
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Table 2.9. Scenario 2: Herd Quality Ratio A, Percentage of Total Days Under 2% for 
the Four Commercial Herds in Two Environments 
Results per 
Run 1 2 3 4 5 6 7 8 9 10 
Average 
per run 
Commercial 
Herd #1 in 
Environment #1 0.0% 0.0% 16.1% 0.0% 0.0% 30.9% 54.9% 0.0% 0.1% 37.1% 13.9% 
Commercial 
Herd #2 in 
Environment #1 0.0% 9.0% 6.3% 0.0% 1.8% 46.2% 15.3% 53.5% 35.5% 24.8% 19.2% 
Commercial 
Herd #1 in 
Environment #2 0.0% 0.0% 26.4% 0.0% 0.0% 34.0% 27.8% 21.3% 0.0% 14.8% 12.4% 
Commercial 
Herd #2 in 
Environment #2 0.0% 6.9% 9.7% 0.0% 0.0% 12.8% 26.6% 62.7% 50.0% 39.9% 20.9% 
Average           16.6%
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Table 2.10. Scenario 2: Environment Quality Ratio, Percentage of Total Days Under 2% 
for the Four Commercial Herds according to the Two Environments 
Results per 
Run 1 2 3 4 5 6 7 8 9 10 
Average 
per run 
Commercial 
Herds in 
Environment #1 
0.0% 9.1% 36.5% 0.1% 0.1% 59.2% 60.0% 69.7% 42.8% 64.3% 34.2% 
Commercial 
Herds in 
Environment #2 
0.0% 8.9% 36.6% 0.1% 0.0% 59.3% 60.0% 69.8% 42.7% 64.4% 34.2% 
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Table 2.11. Scenario 2: Herd Environment Quality Ratio, Percentage of Total Days 
Under 2% for the Four Commercial Herds according to the Two 
Environments 
Results per 
Run 1 2 3 4 5 6 7 8 9 10 
Average 
per run 
Each 
Commercial 
Herd in 
Environment #1 
16.5% 47.0% 39.1% 33.1% 66.9% 56.5% 55.0% 7.5% 33.4% 39.2% 39.4% 
Each 
Commercial 
Herd in 
Environment #2 
57.5% 41.7% 45.9% 51.4% 67.0% 16.8% 19.1% 46.9% 20.6% 33.0% 40.0% 
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Table 2.12. Scenario 2: Number of Days before Convergence (1%) for the Four 
Commercial Herds, Individually, Aggregated (Four per ratio), and 
Aggregated by Environment (Two per ratio) 
Run 1 2 3 4 5 6 7 8 9 10 Average per run 
Herd #1 3238 3657 3368 2388 3397 3361 3401 2952 3631 3090 3248 
Herd #2 3089 3651 3503 2394 3099 3076 2652 3074 2182 3365 3009 
Herd #3 3093 2963 2313 2819 3712 3691 3204 2534 3828 2512 3067 
Herd #4 3818 2999 3621 3988 2991 2823 3092 2968 3094 2652 3206 
Herd Convergence 
Ratio 3310 3318 3201 2897 3300 3238 3087 2882 3184 2905 3132 
Aggregation 
Convergence Ratio 2 1217 1348 1780 1297 1539 1671 1653 1485 1364 1210 1456
Environment #1 1801 2071 2210 2242 1796 1631 1653 1937 1602 1925 1887
Environment #2 2086 1678 2169 1666 2115 1959 1781 1670 1940 1498 1856
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Table 2.13. Summary of Key Metrics in the Two Scenarios 
Metrics Scenario 1 Scenario 2 
Quality Ratio 
(Percentage of Days below 2%)   
Aggregation Quality Ratio 23.2%
Herd Quality Ratio A - 16.6%
Herd Quality Ratio B - 27.7%
Environment Quality Ratio - 34.2%
Herd Environment Quality Ratio - 39.7%
 
Convergence Ratio 
(Days) 
  
Aggregation Convergence Ratio 1 1,541
Aggregation Convergence Ratio 2 - 1,456
Environmental Group Convergence Ratio - 1,871
Herd Convergence Ratio 3,033 3,132
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CHAPTER 3. THE IMPLICATIONS OF NON-POOLED SEMEN AND FROZEN 
SEMEN AT THE COMMERCIAL HERD STAGE 
 
3.1 Problem Statement 
Over the last two decades, the hog industry has undergone significant structural change in 
the form of specialization, increasing scale, linkages across the value chain with retailers and 
processors, environmental obligations and new technologies (Honeyman, 1996; Plain et al., 
2008). As a result, the industry structure, market for information and transaction governance has 
changed with a much greater presence of contracts, vertical coordination, improved sharing of 
information and strategic partnerships.  
The structural changes in the industry have led to greater management efficiencies from 
herd management and feed conversion (Key and McBride, 2007). Farrowing levels, feed 
conversion and weaning weights have improved over the last 20 years (Key and McBride, 2007; 
USDA, 2008). Some animal scientists mention breeding management, use of superior genetic 
breeds and lines, crossbreeding to utilize heterosis, quantitative genetic evaluation and selection 
for genetic improvement of critical traits as important factors for this improvement, especially in 
reproductive traits (Rothschild, 1996; Rosendo et al., 2007; Sosnicki and Newman, 2010). Others 
see that genetic management lags other areas in terms of efficiency gains because results in the 
nucleus herds’ environments are difficult to replicate in a commercial herd environment (Clutter, 
2011). An animal’s breeding value results from the performance of its progeny and relatives 
across a variety of environments, or in the case of a nucleus herd, within one environment. The 
absence of phenotypic data in estimation of breeding values reduces the response to selection 
(Bijma and van Arendonk, 1998; Ibanez-Escriche et al., 2011). The true breeding value thus 
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always remains unknown. The challenge for the commercial producer remains how best to 
reduce this performance uncertainty in their particular environment associated with a boar.  
A large cause of the lack of reliable genetic information results from not only the high 
genetics-by-environment interaction and low heritability, but may also be due to the current state 
of reproductive management at the commercial herd level, which employs fresh semen for 
artificial insemination and pooled versus un-pooled semen. Fresh semen performs better than 
frozen semen in important aspects like fertility rate and number born alive. But frozen semen has 
no time or spatial restrictions related to its perishability, which leads to better testing and 
identification of a boar’s performance. Pooled semen compensates for low fertility boars. 
However, it masks individual results and prevents clear identification of high-indexed boars. In 
these ways, both fresh and pooled semen practices contribute to a lack of clarity as to the drivers 
of swine performance at the commercial level.  
This research specifically explores how the reproductive value chain industry structure 
and associated information flows affect commercial herd performance in the previous research. 
Previously, these challenges along the reproductive value chain were defined as the manager’s 
information problem. The use of frozen semen and the use of non-pooled semen represent two 
potential alternatives for providing more information.  
 
3.2 Objectives 
The above problem statement reflects two important components that affect optimal 
performing swine reproductive values chains: 1) the usage of pooled versus single sire 
insemination and 2) the usage of fresh versus frozen artificial insemination. Modeling and 
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analyzing these two components is the goal of this manuscript. The specific objectives are to 
build a dynamic model of the swine reproductive value chain in order to analyze the above 
components. The model specifically focuses on information quality and quantity and the 
temporal and spatial properties of phenotypic information generated at the different stages along 
the reproduction value chain. Finally, this research develops and compares two technology 
scenarios: fresh artificial insemination versus frozen artificial insemination and pooled versus 
un-pooled semen. 
 
3.3 Literature Review 
Fresh artificial insemination requires the use of boar semen within five days of collection. 
Little time is available for disease testing, sperm quality testing, long-distance transportation and 
estrus synchronization. A boar has approximately 8 months to 2 years of reproductive lifetime 
(PIC, 2006; Whittermore and Kyriazakis, 2006; Knox et al., 2008; Fix and See, 2010; CIPQ, 
2011). So the genetic turnaround is high, creating difficulties for decision-making when 
information is lacking or of poor quality. The fresh semen model requires that boar studs be 
geographically and in a business sense close to their customers to deliver semen to commercial 
herds. Close proximity adds a wholesaling function within the value chain, thus increasing the 
distance between genetic nucleus and commercial herds and weakening the communication 
between genetic suppliers and their customers. Boar studs have to be distributed across the 
country to match the loci of commercial production.  
Moreover, fresh semen used for artificial insemination is subject to very limited testing 
such as seminal volume, sperm concentration, morphology and motility because of the temporal 
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limitations of the fresh artificial insemination model. These tests only serve as weak indicators of 
fertility (Flowers, 2008; Foxcroft et al., 2008). Consequently, boar studs commonly pool semen, 
by combining 3 to 7 several boars' semen into one insemination. This operation masks 
differences among individual boars and limits the value of progeny data but assures high levels 
of fertility (Foxcroft et al., 2010). Commercial producers trade off the certainty of a high indexed 
boar in single-sire insemination for the certainty of conception in multiple-sire insemination. 
Poor quantity and quality of information about boar performance prevents the true identification 
of high-indexed boars and limits their effect on industry’s overall production efficiency (Ruiz-
Sanchez et al., 2006). Low-indexed boars impact the industry for longer periods after selection 
since genetics stay in the value chain until progeny are slaughtered or culled from breeding stock 
(Safranski, 2008).  
Several factors contribute to the poor data environment. First, a boar’s reproductive 
lifetime is short, and accumulating statistically significant data take time. Second, commercial 
breeders operate down the reproductive value chain, so not all up chain data are available 
downstream nor are down chain data available upstream. Third, often there exists a tradeoff 
under the genetic nucleus operating conditions. Managers at the genetic nucleus stage produce 
high quality data, but it is produced across limited or non-commercial environments. Moreover, 
the genetic nucleus emphasizes reproductive performance, not commercial performance. Thus, 
performance in a commercial environment may differ because of high genotype x environment 
interaction.  
Fresh semen insemination models are subjected to high product perishability resulting in 
more limited evaluation across environments and less managerial control because performance 
testing is less comprehensive. As a result of perishability, information quality is weaker, 
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allowing more, rather than fewer, firms to operate because performance differences are less 
clear. Consequently, commercial herds often maintain control of production efficiency through 
strict sow and replacement gilt management, while focusing on boars and a constant rotation of 
semen suppliers to improve herd performance (Wolter, 2011). In this way, artificial insemination 
allows commercial herds to "test" the genetics in their environment without introducing live 
boars in their own herd, reducing disease risk (NSIF, 2002).  
Adding to the complexity of the reproductive value chain are the multipliers, who sit 
between the large genetics firms and commercial buyers. Information quantity and quality also 
affect multipliers because they have to make critical decisions that eventually impact the 
performance of progeny and the competitiveness of their customers. The multiplier’s roles are 
twofold: 1) to expand the volume of elite boars and gilts and 2) to crossbreed in order to create 
high performing commercial lines. Multipliers, for example, may work closely with nucleus 
herds (upstream) to help distribute elite genetics. Internal information markets would then reside 
between the nucleus and multiplier stages of the reproductive value chain. In another scenario, a 
multiplier may work directly with a commercial herd (downstream) as a strategic supplier of 
environmentally adapted and proprietary breeding stock. In this case, the internal information 
market would reside between the commercial herd and its multiplier.  
We also know frozen semen technologies are common in other industries, such as beef 
and dairy. Perishability is not a problem with frozen semen in these industries as storage times 
are essentially without limit. Spatial constraints become much less a factor. Disease testing is 
comprehensive and performance-testing data are abundant and hold excellent statistical 
properties. Thus, based on the experiences in other industries, it appears that information markets 
improve under frozen insemination models. Better quality and quantity of genetic performance 
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data lead to better herd health management, accelerated rates of genetic progress, declines in the 
size of the national boar herd and more rapid innovation, such as the sexing of semen (Eriksson, 
2000; Safranski, 2008; Bailey et al., 2008; Knox, 2011). 
With frozen semen systems, boar insemination dose per ejaculate is 60% below that of 
fresh semen. Conception rate too lags fresh semen by 20-30%, and litter sizes are about 2-3 
piglets smaller (Eriksson, 2000; Roca et al., 2011). Thus, over the short term, there will be more 
than double the number of litters that result from fresh semen inseminations compared with 
frozen inseminations. As a result fresh semen insemination models, ceteris paribus, generate 
superior data quality and quantity over the short term.  
Additionally genetic obsolescence often limits boar longevity to less than a year 
(Whittermore and Kyriazakis, 2006; CIPQ, 2011). Tight genetic turns raise the value of high 
volumes of high quality performance data. Decision-making along the value chain will suffer if 
data are poor or lacking, especially in the near term. That is, the turnover is high and rapid 
because of genetic obsolescence (Whittermore and Kyriazakis, 2006; CIPQ, 2011). Frozen 
artificial insemination allows for greater spatial and temporal impact. Spatially, frozen product is 
less sensitive to shipping distances and logistics. Temporally, semen can be stored well beyond 
the normal 365-day life of boar, which allows for greater certainty about performance under 
varying environments. Currently, however, the industry sees little need for lengthening the 
reproductive life of the boar, especially in multiplier and commercial herds.  
Finally, there is the case of the foreign importer. Establishing a foundation herd in a 
foreign country requires a significant investment in genetics. Fresh semen provides an alternative 
to live animal sales, but the obviously high levels of perishability limit the broad distribution of 
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the genetics overseas. Frozen semen may offer great potential, as has been seen in other 
industries such as dairy. The ability to store semen allows foreign buyers to be more strategic in 
their breeding decisions and obtain better measures of performance across environments.  
In sum, information markets are weak. Commercial herds struggle to truly differentiate 
the phenotypical expression in their environments among the various semen offers presented to 
them. Risk-averse buyers may opt to buy from the larger suppliers not because of proven quality 
but because of the perceived safety of the industry’s preferred and best known brands. Poor 
quality and quantity of information disrupts the essential phenotypical problem for buyers 
(commercial herd), who ask the question, “will the genetics I buy result in the performance I 
expect?”  
According to the literature review, no prior work has been conducted in the area of 
reproductive value chains. Moreover, no previous research has addressed the implications of the 
fresh semen insemination model or pooled semen on information markets. 
Researchers have modeled various segments of the swine value chain. Jalvingh et al. 
(1992) developed a dynamic probabilistic model to better understand the consequences of 
various biological variables and management strategies. Pomar et al. (1991) developed a 
dynamic herd simulation model to evaluate the effect of management on population dynamics 
and production efficiency. Martel et al. (2008) built a herd model allowing hog producers to 
define sow herd dynamics and performance and to distribute periodic task events. However, 
those models focused exclusively on segments of the farrow-to-finish production. 
Cozzarin (1998) uses STELLA to model different organizational forms in hog production 
networks. The author shows that organizational form is particularly important to sustain 
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competitive networks. Dall (2000) uses STELLA to evaluate the gain when using best 
management practices. The author also compares two types of coordinated organizations 
(alliance and cooperative) to evaluate which provides greater net return per operator. Goldsmith 
et al. (2003) develop a model called PorcSim that links a biometric model with economic 
variables to look at the welfare impacts of changes in slaughter weight practices and policy. 
PorcSim pairs the physiological data with an integrated set of welfare equations representing 
producers, processors and the environment. All three papers capture the commercial stage of the 
value chain but omit the upper part of the value chain containing breeding firms and genetic 
suppliers.  
Unfortunately, while models of swine production are common in both animal science and 
economics (Jorgensen & Kristensen, 1995; Goldsmith et al., 2003; Wolfova et al., 2005), little 
work has been conducted on economic modeling of reproduction value chains, especially in the 
swine industry. Part of the reason for this may be a poor understanding of reproduction markets 
and a lack of familiarity of the players in sub sector (Lowe and Gereffi, 2008). Value chain 
modeling is, however, not new (Hines and Rich, 1997; Jones and Womack, 2002). This research 
follows Taylor’s framework (Taylor, 2005), which provides guidance for how to relate the 
various stages within food value chains.  
 
3.4 Procedures 
To realize the objectives, the research builds a dynamic stochastic simulation model. For 
parsimony, the discussion of the structure and the components of the model elaborated with 
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STELLA14 (ISEE systems, 2011) in this manuscript refer to the previous manuscript, Bishinga 
and Goldsmith (2012). Simulation models have proven to be “flexible with regard to initial state, 
time horizon, management strategies and stochasticity” (Baptist, 1992) and thus, the complexity 
and variability of hog production cycle makes the use of simulation model relevant (Pla, 2007). 
By estimating probability distribution of one or more inputs, a well-structured model can present 
the probabilities of different outcomes. Special care is needed to assure the robustness of 
simulation models. In this case, the model is validated by comparison with: 1) biological models; 
2) adherence to theoretical expectations; 3) and expectations of academic and industry 
professionals. To calibrate the model, this research also uses predefined changes in data to be 
sure that it follows theory and remains internally consistent.  
The swine reproductive value chain consists of three tiers linked to each other by the flow 
of animals (Figure 3.1). In the model, each stage has a similar process where animals are sows, 
gilts, young pigs and boars. Events are collecting, breeding, farrowing, weaning, breeding herd 
selection, growing/finishing and slaughtering (or culling) (Figure 3.2).  
Breeding value calculations on specific animals depend on information creation and 
capture along the value chain. Reproductive data are produced early in the process and are 
represented by the black octogons with the letter “R.” Growth related data are produced later and 
are represented by the letter “G.” Finally, the latest data are the carcass data and are represented 
by a “C.” Reproductive data production occurs in an interval of 110-120 days; growth data and 
carcass data in an interval of 270-305 days.15  
                                                            
14 This research presents only a couple of images and equations from the STELLA model for reasons of parsimony 
(Appendix A). Please contact the author for the STELLA files of the complete model.  
15 For simplicity, this research does not allow for real-time ultrasound that can advance carcass trait measurement by 
30 days. 
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Genetic selection decisions at each node of the reproductive value chain utilize the 
available information on individual animal, littermate and progeny performance. These 
performance data reveal themselves as a function of reproductive traits (conception, farrowing, 
litter birth size, litter weaning size and interval between weaning and estrus), offspring’s growth 
traits (days to weaning, feed conversion and days to 250 pounds) and offspring’s carcass traits 
(back fat, loin eye area, leanness, marbling, color and pH). The particular firm along the 
reproductive value chain has selection objectives depending on their needs. Commercial herds, 
for example, may focus more on the economically relevant traits such as the number of days to 
reach 250 pounds (slaughter weight). These data appear well after a number of breeding have 
already taken place. Nucleus herds may want to maintain separate lines of sires that produce 
superior litter sizes. These data present themselves much earlier.  
The challenge resides in the tradeoff between quality and quantity of information. The 
quantity of data refers to the rate of the accumulation of performance data. Semen collection and 
insemination do not occur on the same day in the case of fresh semen models. It takes place over 
many days since optimal artificial insemination management needs to limit one technician to 13 
inseminations per 2-hour period (Flowers, 1996, in Knox, 2001). Also, reproductive traits flow 
earliest in the cycle, while carcass traits occur later.  
Quality data involve two characteristics: 1) the unique perspectives of each firm 
depending on its location along the value chain (nucleus, multiplier, or commercial) and 2) the 
degree to which the progeny performance is a good predictor of phenotypical expression within a 
particular commercial environment. There is an explicit tradeoff as early on few data are 
available, but they may accurately reflect the narrow environment in which they were produced. 
Ceteris paribus, as the environmental heterogeneity expands, performance predictability declines. 
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Managers can wait for greater numbers to improve confidence. But the reproductive life of a 
boar is short (365 days), especially relative to the time it takes to create confidence in carcass 
quality traits (270 days from insemination).  
The model creates and captures four key variables along the reproductive value chain:  
1) Number of pigs born alive    (NBA) 
2) Litter birth weight    (LBW) 
3) Days to reach 250 pounds/slaughter weight  (DAYS) 
4) Back fat thickness    (BACK)  
Changing the insemination technology scenario alters the quantity and quality of data 
about boar and sow performance not only for the commercial manager but for the multiplier and 
nucleus herd. Specifically, this research explores the data quantity and quality issue by focusing 
on one boar. The model represents the life cycle of one boar, the sows that are mated to this boar 
and the farrowed progeny. The model captures the reproductive lifetime of one boar, the sows’ 
gestation and farrowing and progeny growth to slaughter weight (Figure 3.3). 
The base timeline for each process is modeled as follows: semen is collected on day one 
and then every five days for a period of 200 days. It is assumed for simplicity that each 
insemination results in a pregnancy. So the first farrowing can occur on day 115, and potentially 
160 days are needed to get an animal to slaughter weight (250 pounds). 
The research parameterizes the base model as follows: the abortion rate and piglet 
mortality are set to zero (Table 3.1). It is assumed the conception rate for fresh artificial 
insemination is optimal at 100%, while is only 60% for frozen artificial insemination. Litters 
produce 50% males and 50% females. For illustrative purposes, it is assumed the following: that 
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heritability for the four above traits is 100%; the phenotypical expression for heritable traits too 
is 100%; and that heritability and phenotypical expression are influenced only by the boar and 
not the gilt. It is assumed an ejaculate for fresh artificial insemination yields 30 doses, and an 
ejaculate for frozen artificial insemination yields 12. The base model also contains random 
parameters for time variables. Gestation is a random integer between 110 and 120 days. Since 
focus is on boars, it is assumed that a non-pregnant sow is not inseminated a second time by the 
same boar.  
The research calibrates the model as follows in order to explore fresh versus frozen 
semen and pooled versus un-pooled semen. Following Knox (2008), the quantity of doses per 
ejaculate can be set to 12, 20 or 30 (Table 3.2). Conception rate can be 60%, 85% or 100%. A 
single boar will be collected 20, 30, 40, 50 or 100 times, with five days between each collection.  
Stochastic variables are: number born alive (NBA), litter birth weight (LBW), days to 
250 lbs. (DAYS) and back fat inches (BACK). NBA’s range is an integer between 8 and 14 
piglets. LBW is represented by an average weight per piglet per litter between 2.75 and 5.50 lbs. 
The range of DAYS is an integer between 155 and 185 total days from farrowed piglet to 
marketing hog. BACK is measured at slaughter and ranges between 0.5 and 1.0 inches.  
These variables allow the calculation of key performance indexes following Krider et al. 
(1982) (Table 3.3). Breeders use these indexes to assemble multiple traits into a single value 
relative to an average (Whittermore & Kyriazakis, 2006; Chiba, 2010; NSR, 2011). The model’s 
four stochastic variables, NBA, LBW, DAYS and BACK, result in four different key 
performance indexes. These indexes then generate at different stages along the value chain. The 
Sow Productivity Index (SPI) relies on NBA and LBW. The Maternal Line Index (MLI) 
143 
 
integrates all stochastic variables, but focuses on reproductive traits NBA and LBW. The 
Terminal Sire Index (TLI) also integrates all stochastic variables but focuses on meat quality and 
efficiency of growth performance. Finally, the General Index (GI) considers all variables and 
represents a composite of MLI and TSI.  
 
3.5 Results 
Model Performance and Validation 
The stochastic variables are set to validate and exercise the model using random variables 
drawn from an artificially concave distribution around a mean value selected from the literature. 
The probabilities represent the boar’s identity for evaluation across the value chain (BOAR 1). 
The boar’s expected values are: 10.12 NBA, 3.55 per piglet LBW, 170.80 DAYS and 0.79 
BACK (Table 3.4). The expected value of the boar’s performance indexes are 104.7 (SPI), 101.1 
(GI), 101.7 (MLI) and 100.4 (TSI). The baseline boar is slightly above average (> 100) and his 
reproductive performance is superior to his weight gain and back fat performance.  
First, the model is validated with the quantity of sows farrowed and litters produced over 
time by increasing conception rates, number of doses and number of collections. For example, 
increasing the number of semen doses per collections from 12 to 30 increases the number of 
litters produced over the life of the boar from 1,029 to 2,531 when the conception rate is 85% 
and the boar is collected 100 times over a 500 day period (Figure 3.4). Moreover, increasing the 
first service conception rate from 60% to 100% over the life of the boar raises the number of 
market hogs from 17,921 to 30,184, assuming that each ejaculate yields 30 inseminations and 
each boar is collected 100 times over a 500 day reproductive lifespan (Figure 3.5). 
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Second, this research analyzes convergence over time of the model to the expected 
values. NBA distribution is unrealistically set at 50% of the litters with 14 NBA and 50% with 8 
NBA for validation purposes. Initially, the model reveals a difference from the expected number 
born alive at a 21% discrepancy from expectation, but this quickly converges after 60 litters 
(Figure 3.6). As expected, the fewer collections per boar produce a higher spike and longer 
convergence time. This is because the 12-dose scenario provides fewer litters per unit of time 
than the 30 dose collection. Increasing the conception rate and doses per collection reduces the 
time to convergence to the expected value.  
Industry scenarios 
Scenario I: Fresh Semen / Frozen Semen 
Three important characteristics differentiate fresh and frozen semen approaches to 
artificial insemination: the conception rate, the number of doses per collection and the number 
born alive. Thus artificial insemination using frozen semen suffers from poor productivity and is 
therefore less reliable for managers compared to fresh semen systems. Freezing currently is 
extremely harsh on live sperm, so performance (fertility) is reduced and practitioners need to 
maintain higher sperm population levels per dose. Using industry standards, conception rates for 
fresh semen systems average 85% and 30 doses can be produced from one ejaculate (Eriksson, 
2000; Roca et al., 2011). For frozen semen, conception rates average 60% and only 12 doses 
result from one ejaculate. Finally, as stated earlier, frozen semen generally yields litters with 2-3 
fewer piglets.  
It is hypothesized that these differences between frozen and fresh insemination models 
will significantly reduce the quality and quantity of the key data of interest to decision-makers 
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under frozen artificial insemination (A.I.) settings. Scenario analysis is used to measure the 
performance difference between the two systems. 
Assume there are two boars. Boar F is collected under a fresh semen scenario with the 
following parameters in expectation: 12.62 NBA, 3.55 per piglet LBW, 170.80 DAYS and 0.79 
BACK (Table 3.5). The expected values of Boar F’s performance indexes are 129.8 (SPI), 121.8 
(GI), 125.6 (MLI) and 116.8 (TSI). This is the true state of the boar. While there are estimates 
based on the boar’s family line, the true state does not begin to emerge until data associated with 
sow breeding, farrowing, progeny grow out and slaughter begins to flow. Environmental effects 
add to the dynamic complexity of the commercial manager’s problem. Will the emergent data 
serve as a good indication of performance for a localized environment?  
Boar Z is collected under a frozen semen scenario (Table 3.6). Boar Z and Boar F hold 
the same performance characteristics except for NBA. Boar Z’s NBA is 10.12 versus 12.62 for 
Boar F because frozen AI yields smaller litters than fresh semen.  
The model runs ten complete iterations assuming 100 collections and a reproductive life 
time of 500 days for Boars F and Z. Boar F produces 30 doses per ejaculate while Z produces 12. 
F’s first service conception rate is 85% and Z’s is 60%. Boar F produces over four times the 
number of litters over his reproductive lifetime than Boar Z, 2,985 and 721, respectively (Figure 
3.7). This difference results in a significant reduction of performance records by which to 
evaluate Boar Z. Boar F produces 30,144 market hogs at 250 pounds after 790 days compared 
with only 7,295 for Boar Z (Figure 3.8).  
Storability provides a key advantage for frozen artificial insemination systems. Ejaculates 
need not be used immediately (within five days). This would certainly be an advantage for a 
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smaller breeder that did not have immediate demand for 30 doses every five days. But that 
smaller breeder would be challenged to establish the true value of the boar with only a few 
offspring. This presents an economy of scale whereby breeders that can generate large volume of 
data quickly can understand the true performance characteristics of a boar. Ceteris paribus, 
genetic buyers’ confidence rises with the number of available of performance records. Adoption 
of frozen artificial insemination by many along the value chain will lag until the technology can 
yield more comparable data points per unit of time.  
Scenario II: Pooling 
Commercial breeders engage in a practice of pooling semen for each insemination. An 
insemination combines two to four boars because there is uncertainty about the fertility of each 
boar. As above, there are fertility estimates based on family lines, but the true state is unknown 
until breeding take place. Several factors contribute to the poor fertility data environment. First, a 
boar’s reproductive lifetime is short, generally less than 360 days. This presents a challenge 
because accumulating statistically significant data takes time. Second, commercial breeders 
operate down the reproductive value chain, so not all up chain data are available downstream nor 
are down chain data available upstream. Third, often there exists a tradeoff under purebred 
operating conditions. Nucleus breeders produce high quality data but do so across limited or non-
commercial environments and emphasize reproductive, not commercial, performance. Thus, 
performance in a commercial environment may differ because of high genotype x environment 
interaction. The following stylized scenario clarifies the real challenges of not pooling and the 
value of maintaining individual sire performance records.  
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This research focuses on NBA when pooling two boars across 3,000 inseminations. 
Assume a commercial producer purchases pooled fresh semen from two boars, 1 and 2, and 
inseminates 30 sows every five days for 500 days. This first strategy is compared with the 
following: assume the commercial producer purchases 15 doses of fresh semen from two boars 
and uses those doses to inseminate 30 sows every five days for 250 days. After 250 days, the 
commercial producer evaluates the NBA performance of Boar 1 and Boar 2 and finds that Boar 
1’s inseminations result in a higher level of piglets born alive. The commercial producer then 
purchases 30 doses of Boar 1 every five days for the remaining 1,500 inseminations that will 
occur over the next 250 days.  
Boar 1 has an expected NBA of 10.12 and Boar B of 8.72, a 16.1% difference. So the 
expectation would be that the pooled semen results in 9.42 piglets-born-alive. Running the model 
ten times results in an average production of 7,767 piglets after 250 days and 28,111 piglets after 
3,000 farrowing (Figure 3.9).  
Following the un-pooled alternative, the commercial herd manager breeds Boar 1 and 
Boar 2 to 750 sows each. It is assumed equal insemination rates (100%) between the two boars 
and compared that to the pooled semen. After running the model ten times, there is an average of 
7,798 piglets. As expected, the outcomes differ little between the pooled semen and the single 
boar approach for the first 1,500 farrowing. The two boars, though, do not perform equally well. 
Boar 1 inseminations result in 4,171 piglets, while Boar 2 only 3,627. The commercial herd 
manager uses Boar 1 for the remaining 1,500 inseminations. The un-pooled approach results in a 
total of 29,640 piglets after 3,000 farrowing: 1,529 more pigs and a 5.4% improvement 
compared with the pooled approach.  
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Now suppose the commercial breeder knows ex-ante the NBA performance of Boars 1 
and 2, so only uses Boar 1 for the 3,000 inseminations. There would be 8,342 piglets after 250 
days, and 30,185 after 3,000 farrowing, an improvement of 2,074 or 7.4% over the pooled 
approach. This result reflects the fact that while a 16% difference most likely is commercially 
significant, the buyer can realize at best only half of the benefits.  
Additionally, the breeder does not know the true fertility level of the boar. Pooling 
assures that buyer does not receive only Boar 2, which is important. There is a cost in 
determining the correct strategy. In the model, the commercial herd manager bred 1,500 sows 
before realizing the superiority of Boar 1. The challenge is how to quickly identify Boar 1 
without incurring the liabilities of Boar 2.  
 
3.6 Conclusion 
Significant research has focused on specific components of swine reproductive 
management and associated technologies. Artificial insemination using frozen boar semen is no 
exception. Relatively little work has analyzed the practice of pooling semen. But no work takes a 
system dynamic approach to reproductive management, even though action of players up and 
down the value chain has significant systems effects on feedback and involves a temporal frame. 
A number of researchers do recognize the systems nature of the swine value chain but either 
focus on one segment of the chain or ignore reproductive aspects of the business. Fundamental 
reproductive management questions persist, such as: the reason for the lack of adoption of frozen 
AI technology and the profitability and performance tradeoffs of using pooled semen. The 
research addresses the above two questions but do not address the question of the economics of 
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integrating upstream by commercial producers in order to develop adapted genetics to 
proprietary environments. Similarly, these results beg the questions of the role of heritability and 
maternal versus paternal lines when optimizing a reproductive management system. 
Researchers and practitioners are aware of the performance limitations of frozen artificial 
insemination technologies. What was less clear before the development and application of the 
model is that the cost of implementation of frozen semen is exacerbated by the temporal aspects 
of pig production. Those models using fresh semen are not constrained in the production of large 
numbers of progeny. It is not clear that the industry is aware of the level of superiority of the 
fresh model or what must be fixed for frozen advancement. Implicitly, the industry trades off 
greater laboratory testing of semen and a longer boar reproductive life for getting more progeny 
for evaluation and pigs to market when choosing to only use fresh semen. The genetic turnover 
in swine is very rapid. Gestation is short relative to other large animal species and litter sizes are 
large. So managers act with inferior information rather than waiting for the greater surety that 
artificial insemination and comprehensive progeny testing offer. Frozen AI conception rates need 
to improve to eliminate this significant temporal shortcoming before a technology shift from 
fresh AI will take place.  
An implicit tradeoff too appears to occur when managers use pooled semen. Clearly, less 
is known about the progeny when pooling semen in an insemination. The model produces clear 
benefits from single boar insemination. But not only are the benefits moderate, but the model 
assumes unrealistically high levels of heritability and male line dominance. The true differences 
among boars may be effectively smaller and variability of performance larger under conditions 
of progeny testing because of weak heritability and a strong maternal line. Pooling semen may 
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effectively manage downside risk because having an open sow and reducing pigs produced per 
unit of time is so costly.  
Future Research 
Historically, nucleus herds provide the foundational genetics to the swine industry, much 
like the corn seed industry serves farmers. But seed technology in the bag performs consistently 
in the field. Conversations with commercial swine producers indicate that this situation is not 
analogous to the swine industry, in which environmental effects seem to be much stronger. 
Commercial producers’ frustration with significant environmental effects that appear to dominate 
the genetics they buy may have more to do with the structure of the industry. It is hypothesized, 
that a large commercial herd may have the scale to integrate upstream to develop their own 
proprietary lines. Progeny testing would occur within one environment and performance data 
would be sufficiently abundant to be reliable. Those data would all be internalized within the 
commercial firm, rather than upstream with the genetics company.   
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CHAPTER 3 FIGURES 
 
Figure 3.1. The Swine Reproductive Value Chain 
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Figure 3.2. Information Generation for Each Reproductive Stage  
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Figure 3.3. The Lifecycle of One Boar in the Model 
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Figure 3.4. Total Number of Litters over Time for 100 Collections with a Conception 
Rate of 85% According to the Number of Doses per Collection 
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Figure 3.5. Total Number of Pigs Slaughtered over Time for 100 Collections with 30 
Doses per Collection According to the Conception Rate 
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Figure 3.6. Absolute Value of Difference from True Mean (11) over the Number of Total 
Farrowing along the Simulation 
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Figure 3.7. Total Number of Litters over Time for 100 collections under Frozen Semen 
Model and Fresh Semen Model 
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Figure 3.8. Total Number of Pigs Slaughtered over Time for 100 collections under 
Frozen Semen Model and Fresh Semen Model 
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Figure 3.9. Total Number Born Alive over Time for 100 collections under Pooled Semen 
Model and Two Scenarios of Un-Pooled Semen Model 
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CHAPTER 3 TABLES 
 
Table 3.1. Variable Parameter Values for the Base Model 
Variables Where 
Parameters May Vary 
Distribution 
and Type Values/Range Source 
Gestation (Days) Random Integer {110…120} 
Whittermore and Kyriazakis (2006); 
Key, N. and McBride, W.D. (2007) 
Time to reach puberty Random Integer {245…305} 
Whittermore and Kyriazakis (2006); 
Key, N. and McBride, W.D. (2007) 
Collection Rate (boar 
semen) Fixed 1 per 5 days 
Whittermore and Kyriazakis (2006); 
CIPQ (2011) 
Piglets returning to 
breeding herd Fixed 0.0 
- 
Abortion rate (%) Fixed 0 - 
Mortality rate (%) Fixed 0 - 
Heterosis effect Fixed 0 - 
Correlation between traits Fixed 0 - 
Parity effect on 
performance 
Fixed 0 
- 
Sex ratio (% female) Random Integer {45…55} 
- 
Number born alive Stochastic & Integer {8…14} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Litter birth weight 
(average/piglet) 
Stochastic & 
Real {2.75…5.5} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Days to 250 lbs. Stochastic & Real {155…185} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
Back fat (inches) Stochastic & Real {0.50…1.00} 
Whittermore and Kyriazakis (2006); 
NSR (2011) 
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Table 3.2. Scenario Variables  
Focus Variables Distribution and Type Values 
Doses per ejaculate Fixed 12, 20, 30 
Fresh Doses (# per ejaculate) Fixed 30 
Frozen Doses (#per ejaculate) Fixed 12 
Conception rate (%) Fixed 60, 85, 100 
Fresh AI- Conception Rate Fixed 100% 
Frozen AI-Conception Rate Fixed 60% 
Collections per boar Fixed 20, 30, 40, 50, 100 
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Table 3.3. Key Calculated Performance Indexes 
Performance 
Indexes  
Sow Productivity 
Index (SPI) 100 + 6.5*(NBA - NBAavg) + 1*(LBW - LBWavg) 
General Index 
(GI) 
100 + 6.6*(NBA - NBAavg) + 0.4*(LBW - LBWavg) - 1.6*(DAYS - 
DAYSavg) - 65*(BACK - BACKavg) 
Maternal Line 
Index (MLI) 
100 + 7.6*(NBA - NBAavg) + 0.5*(LBW - LBWavg) - 1.5*(DAYS - 
DAYSavg) - 45*(BACK - BACKavg) 
Terminal Sire 
Index (TSI) 
100 + 5.2*(NBA - NBAavg) + 0.3*(LBW - LBWavg) - 1.8*(DAYS - 
DAYSavg) - 80*(BACK - BACKavg) 
where 
NBAavg 10 
LBWavg 32 
DAYSavg 170 
BACKavg 0.80 
Source: Krider et al., 1982; Whittermore and Kyriazakis (2006); NSR (2011) 
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Table 3.4. Scenario Stochastic Properties (BOAR 1)  
Focus Variables Values Probabilities Expected value 
Number born alive 8,9,10, 11, 12, 13, 14 
8 = 3% 
9 = 30% 
10 = 40% 
11 = 15% 
12 = 5% 
13 = 5% 
14 = 2% 
10.12 
Litter birth weight 
(average/piglet) {2.75…5.5} 
{2.75-3.24} = 40% 
{3.25-3.74} = 30% 
{3.75-4.24} = 15% 
{4.25-4.74} = 10% 
{4.75-3.24} = 5% 
{5.25-5.50} = 0% 
3.55 
Days to 250 lbs. {155…185} 
{155-159.9} = 10% 
{160-164.9} = 12% 
{165-169.9} = 15% 
{170-174.9} = 33% 
{175-179.9} = 25% 
{180-184.9} = 5% 
170.80 
Backfat (inches) {0.50…1.00} 
{0.50…0.62} = 10% 
{0.63…0.74} = 20% 
{0.75…0.87} = 48% 
{0.88…1.00} = 22% 
0.79 
Sow Productivity Index (SPI)   104.3 
General Index (GI)   101.6 
Maternal Line Index (MLI)   101.9 
Terminal Sire Index (TSI)   101.0 
where 
NBAavg 10 
LBWavg 32 
DAYSavg 170 
BACKavg 0.80 
Source: Krider et al., 1982; NSR (2011); Whittermore and Kyriazakis (2006) 
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Table 3.5. Scenario Stochastic Properties (BOAR F)  
Focus Variables Values Probabilities Expected value 
Number born alive 8,9,10, 11, 12, 13, 14 
8 =0% 
9 = 5% 
10 = 5% 
11 = 10% 
12 = 15% 
13 = 33% 
14 = 32% 
12.62 
Litter birth weight 
(average/piglet) {2.75…5.5} 
{2.75-3.24} = 40% 
{3.25-3.74} = 30% 
{3.75-4.24} = 15% 
{4.25-4.74} = 10% 
{4.75-3.24} = 5% 
{5.25-5.50} = 0% 
3.55 
Days to 250 lbs. {155…185} 
{155-159.9} = 10% 
{160-164.9} = 12% 
{165-169.9} = 15% 
{170-174.9} = 33% 
{175-179.9} = 25% 
{180-184.9} = 5% 
170.80 
Back fat (inches) {0.50…1.00} 
{0.50…0.62} = 10% 
{0.63…0.74} = 20% 
{0.75…0.87} = 48% 
{0.88…1.00} = 22% 
0.79 
Sow Productivity Index (SPI)   120.9 
General Index (GI)   118.1 
Maternal Line Index (MLI)   120.9 
Terminal Sire Index (TSI)   114.0 
where 
NBAavg 10 
LBWavg 32 
DAYSavg 170 
BACKavg 0.80 
Source: Krider et al., 1982; NSR (2011); Whittermore and Kyriazakis (2006) 
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Table 3.6. Scenario Stochastic Properties (BOAR Z)  
Focus Variables Values Probabilities Expected value 
Number born alive 8,9,10, 11, 12, 13, 14 
8 = 3% 
9 = 30% 
10 = 40% 
11 = 15% 
12 = 5% 
13 = 5% 
14 = 2% 
10.12 
Litter birth weight 
(average/piglet) {2.75…5.5} 
{2.75-3.24} = 40% 
{3.25-3.74} = 30% 
{3.75-4.24} = 15% 
{4.25-4.74} = 10% 
{4.75-3.24} = 5% 
{5.25-5.50} = 0% 
3.55 
Days to 250 lbs. {155…185} 
{155-159.9} = 10% 
{160-164.9} = 12% 
{165-169.9} = 15% 
{170-174.9} = 33% 
{175-179.9} = 25% 
{180-184.9} = 5% 
170.80 
Back fat (inches) {0.50…1.00} 
{0.50…0.62} = 10% 
{0.63…0.74} = 20% 
{0.75…0.87} = 48% 
{0.88…1.00} = 22% 
0.79 
Sow Productivity Index (SPI)   104.7 
General Index (GI)   101.1 
Maternal Line Index (MLI)   101.7 
Terminal Sire Index (TSI)   100.4 
where 
NBAavg 10 
LBWavg 32 
DAYSavg 170 
BACKavg 0.80 
Source: Krider et al., 1982; NSR (2011); Whittermore and Kyriazakis (2006) 
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APPENDIX A16 
 
Figure A.1. Stylized STELLA model overview: The swine value chain with identification 
of swine genetics’ three stages 
 
 
 
  
                                                            
16 For parsimony,  the Appendix only  includes  the  following:  the general parameters, one herd of sow Line 1  for 
mating in the multiplier herd 1A, boar studs of Line A for mating in downstream stages (the multiplier herd 1A, the 
commercial herds 1BA, 1CA and 1DA), and  the  sub‐model  for  stochastic elements  in  the multiplier herd 1A.  In 
presence of arrays, only equations for Animal#1 are included.  
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Figure A.2. Stylized STELLA Model Overview: Information generation at the 
commercial and hog production level 
 
(R) Reproductive traits: number born alive, litter birth weight, mean birth weight, number 
weaned, litter weight at 21 days, interval between wean and estrus (Mabry, 2009; NSR, 2011)  
(G) Growth traits: days to weaning (specific target birth weight), feed/lb. of gain, days to 250 
lbs. (Mabry, 2009; NSR, 2011) 
(C) Carcass traits: inches of back fat, loin eye area, percent lean, marbling, pH, color (Mabry, 
2009; NSR, 2011) 
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Figure A.3. STELLA Model Overview: General Parameters  
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Figure A.4. STELLA Model Overview: Stochastic Elements for the Four Performance 
Traits (Sow Line 1 Produces Replacement Gilts for Multiplier Herd 1A) 
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Figure A.5. STELLA Equations Overview: General Parameters and Stochastic Elements 
for the Four Performance Traits (Sow Line 1 Produces Replacement Gilts 
for Multiplier Herd 1A) 
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Figure A.5. (cont.) 
 
175 
 
Figure A.5. (cont.) 
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Figure A.6. STELLA Model Overview: Sow Herd Flow (Sow Line 1 Produces Replacement Gilts for Multiplier Herd 1A) 
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Figure A.7. STELLA Equations Overview: Sow Herd Flow (Sow Line 1 Produces 
Replacement Gilts for Multiplier Herd 1A) 
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Figure A.7. (cont.) 
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Figure A.7. (cont.) 
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Figure A.7. (cont.) 
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Figure A.8. STELLA Model Overview: Growing Replacement Animals Flow (Replacement Gilts Line 1 for Multiplier Herd 
1A) 
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Figure A.9. STELLA Equations Overview: Growing Replacement Gilts Flow 
(Replacement Gilts Line 1 for Multiplier Herd 1A)17 
                                                            
17 For parsimony, only equations for Animal#1 are included. The model can contain seven animals (replacement 
gilts or replacement boars) differentiated by stochastic performances. 
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.) 
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.9. (cont.)
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Figure A.10. STELLA Model Overview: Boar Studs Flow (Fresh Semen Line A for 
Multiplier Herd 1A and Commercial Herds 1BA, 1CA and 1DA) 
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Figure A.10. (cont.) 
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Figure A.10. (cont.) 
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Figure A.11. STELLA Equations Overview: Boar Studs Flow (Fresh Semen Line A for 
Multiplier Herd 1A and Commercial Herds 1BA, 1CA and 1DA) 
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Figure A.11. (cont.)
 
  
200 
 
Figure A.11. (cont.)
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Figure A.11. (cont.)
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Figure A.11. (cont.)
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Figure A.11. (cont.)
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Figure A.11. (cont.)
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Figure A.12. STELLA Model Overview: Parameters for Phenotypical Expression of the 
Four Performance Traits 
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Figure A.13. STELLA Model Overview: Stochastic Elements for Phenotypical Expression 
and the Four Performance Traits (Mating at the Multiplier Herd 1A) 
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Figure A.13. (cont.) 
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Figure A.13. (cont.) 
 
209 
 
Figure A.14. STELLA Equations Overview: Stochastic Elements for Phenotypical 
Expression and the Four Performance Traits (Mating at the Multiplier Herd 
1A) 
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Figure A.14. (cont.)  
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Figure A.14. (cont.) 
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Figure A.14. (cont.) 
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Figure A.14. (cont.) 
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Figure A.14. (cont.) 
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Figure A.14. (cont.) 
 
 
